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ABSTRACT

The relative charge abundance of galactic cosmic-ray nuclei has been measured between
600 and 1000 MeV per nucleon over a range of Z from 2 to 28. The abundances observed at Earth have
been extrapolated to the cosmic-ray source yielding accurate source abundances for 15 elements.
These abundances, along with recently measured isotopic abundance ratios, are compared with the
average abundances observed in another sample of accelerated material—solar cosmic rays.
Significant differences are found in the composition for the elements He, C, N, and Ne. These galactic
and solar cosmic-ray abundances are also compared with a variety of compilations of unaccelerated
matter. This comparison is complicated by normalization problems for the O/Si ratio and by
uncertainties in the normalization procedures used to obtain the He, Ne, and Ar abundances in these
abundance compilations. In view of these difficulties, we have examined more carefully the very clear
differences between the two accelerated species. At the present time, these differences seem to be
explained more easily in terms of differing nucleosynthesis histories rather than preferential
acceleration effects.

The new galactic cosmic-ray source charge ratios presented here along with specific isotopic
abundance differences that are observed require new calculations in the areas of both nucleosynthesis
theory and preferential acceleration and present a new challenge to the attempt to locate the source

regions of galactic cosmic rays.

Subject headings: cosmic rays: abundances — particle acceleration

I. INTRODUCTION

Recently, it has become possible to obtain the source
abundances of galactic cosmic-ray nuclei with much
improved accuracy. The precision of solar cosmic-ray
abundance data has also improved dramatically in the
last few years, and it has been shown that, for energies
above a few MeV per nucleon, these solar cosmic-ray
abundances provide meaningful and accurate average
abundance ratios when many events are summed. It
seems natural then to compare the abundances of these
two species since they both represent samples of matter
accelerated to high energies. From such a comparison
and the differences observed, one might hope to identify
differences between the two acceleration processes or dif-
ferences between the nucleosynthesis histories of the two
classes of particles.

Comparisons of cosmic-ray abundances with universal
abundances or solar system abundances have been made
for many years. When such comparisons are made, it is
found that cosmic rays with the lowest first ionization
potential are overabundant relative ‘to solar system
material. This correlation with first ionization potential
has been established in several studies and has recently
been found to extend to the trans-iron nuclei abundances
(Binns et al. 1981). This has been interpreted by many
authors to indicate a preferential acceleration effect in the
cosmic-ray sources (Kristiansson 1971; Havnes 1973;
Cassé and Goret 1978). But it has also been noted that the
solar cosmic-ray abundances, when compared with
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the solar system abundance data, show a similar but not
precisely identical correlation with first ionization poten-
tial (Webber 1975). Is this also indicative of a similar
preferential acceleration effect for solar cosmic rays? It is
well known that there are large differences in various
solar abundance determinations—particularly between
the photospheric and coronal abundances. Could it be
that comparisons of the abundances of accelerated cosmic
rays with general solar system abundances are inappro-
priate for actually determining possible preferential
acceleration effects or differences in the underlying com-
position in the specific cosmic-ray acceleration regions?

In an endeavor to place this important question in a
new perspective, we have derived, based on a balloon
experiment, a new set of more precise cosmic-ray source
abundances for 15 elements ranging from He to Ni. This
analysis uses the same data base as in recently reported
isotopic composition measurements (Webber 1982) but
emphasizes and extends the charge composition aspect of
the data. The new abundance measurements are
compared with the solar cosmic-ray composition meas-
urements as well as a variety of abundance compilations
for unaccelerated matter including solar photospheric
and coronal data.

II. THE INSTRUMENT AND ITS OPERATION

The telescope used in these measurements has been
discussed in several earlier publications (Lezniak and
Webber 1978, hereafter LW ; Webber 1982.) The results
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reported here represent the combined data from two
balloon flights made with this telescope under “quiet”
sunspot minimum modulation conditions in 1976 Sep-
tember and 1977 September. The average residual atmo-
spheric depth of the two flights was 3.3 g cm™2, and the
combined useful exposure factor was 23,300 cm? sr™1!
s~ 1. This provides data of a high statistical accuracy. An
outline drawing of the telescope is shown in Figure 1. The
telescope contains two modules: the upper module con-
tains a combination of scintillation and Cerenkov coun-
ters to measure the charge and energy of the particles; the
lower module contains four thick, total energy scintilla-
tors which are used to measure the total energy of
low-energy particles to determine their mass using the
Cerenkov x total energy technique. Each of the indi-
vidual counters were contained in white diffusion boxes
whose uniformity was measured to ~ 19, FWHM by a
207Bi electron source.
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WEBBER

D f :s, = 28" dia. x 5/16"
= si= 24" dia. x 1/8"

Vol. 255

In this paper, we are concerned only with the charge
and energy spectrum measurements made in the first
module. A basic telescope event occurs when a coin-
cidence is made between the scintillators S1 and S2. Two
trigger levels are employed, one at 6 times the minimum
ionization for a Z = 1 particle, thus counting all nuclei
with Z > 3 with full efficiency, and another trigger level at
0.5 times the minimum ionizing to count the much more
abundant proton and helium nuclei with a scaling factor
of 16. Master tapes of the flight data, corrected for small
gain variations and path length variations, were con-
structed. These tapes were used to construct the multi-
dimensional matrices used for data analysis.

III. DATA ANALYSIS PROCEDURES

The initial goal of the data analysis is to obtain a class
of events that represent single particle traversals of the
telescope without interaction. Events due to particles,
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either within the telescope geometry or outside it, that
interact in the telescope and other types of background
events must be identified and removed without introduc-
ing a charge or energy bias. The procedures used to
accomplish this have been discussed in LW. Identical
analysis procedures are followed throughout for both
balloon flights. We have used a simple consistency criter-
ion on the S1 and S2 counter outputs of the form

2|81 —S2|

<Xp,
S1+S2 p

where p is a function that is proportional to the resolution
of the S1 and S2 counters and X is a variable parameter.
The width of the selection band may be changed by
varying X to study the effects on both the background
and the desired events on the matrices under study.
Optimum rejection of background is achieved when X is
chosen so that the selection passband is ~ 3 ¢ for all
charges where o is the observed rms resolution of the S1
and S2 counters as determined from the pulse height
distributions of the individual charges. This criterion is
found to eliminate < 29 of the desired events, and this
fraction is verified to be essentially charge and energy
independent. The identification of interacting nuclei and
other background events is determined to be 90 + 5%
efficient. New data tapes that are prepared using this
criteria have ~ 609 as many counts as the original tapes.
Desired multidimensional matrices may be made directly
from these tapes. An example of such a matrix
(S1 + S2)/2 versus C2 is shown in Figure 3 of LW.
Matrices like the one above may be used to obtain the
charge composition and energy spectrum of incident
particles. The charge separation on these matrices is
excellent; for example, the charge F adjacent to O and
with an abundance ~ 1%, of O can be seen clearly. A
charge histogram of events used in this analysis is shown
in Figure 2. The charge resolution ¢ varies from 0.08
charge units at C, to 0.14 charge units at Si, t00.22 charge
units at Fe.

If one constructs a matrix of events with (S1 + S2)/2
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versus C2 as above, then events will lie along lines defined
by the relationships

z oy _ B

B B

Each charge will be represented by a particular line in S
versus C space, and the various energies will be located at
various points along this line. Essentially the energy
spectrum is unfolded in C space. For each separately
identified charge, a distribution of events along the charge
line in the C dimension may be obtained. Examples of
such Cerenkov distributions for several nuclei are shown
in Figure 3. The procedures for unfolding the energy
spectrum of a particular charge from such a pulse height
distribution has been discussed in detail by LW. Here, we
use a very simplified application of these procedures since
we are interested in determining the relative intensity of
various charges in a single common energy interval from
600 to 1000 MeV per nucleon at the top of the atmo-
sphere. This interval is chosen because the most accurate
cross section measurements are available at these ener-
gies, allowing for a better extrapolation to the sources,
and also because effects that complicate interpretation of
the low-energy abundance data (e.g., solar modulation
and uncertain galactic propagation path length) are
minimized. This data will be the basis of our charge
composition comparisons.

Consider Figure 3 which shows the Cerenkov distribu-
tions for several nuclei. The energy scale is completely
determined when C,,,, is located, e.g.,

1 - B3/

S=K,

C=C

where f, is the threshold velocity. The location of C,,,,
from the pulse height distribution is obtained using the
procedures discussed by Lezniak (1975). The location of
the various energies in terms of C,,,,, is shown in Figure 3
and in Table 1. The band from 600 to 1000 MeV per
nucleonisshownasashaded area in Figure 3. The number
of events that fall into this energy bin is N, (AE). The
relationship between this quantity and the true number of
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FiG. 2.—Charge histogram of events in 600-1000 MeV per nucleon energy range
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F1G. 3.—Cerenkov distributions for O, N, and Si nuclei. Energy
band from 600 to 1000 MeV per nucleon shown as shaded region.

events may be written N(AE) = N,,(AE) x F,where Fisa
correction factor depending on (1) the energy interval, (2)
the Cerenkov resolution, and (3) the energy spectrum. If
the instrumental resolution is much less than the interval
width AE, then F ~ 1and the correction is independent of
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the spectrum. This is the case for the energy interval and
charges involved in this analysis.

Once the number of events N has been determined, it is
further necessary to correct the data for nuclear interac-
tions in the telescope as well as absorption and produc-
tion in the overlying atmosphere. The material in the
charge-energy module to the midpoint of S2is 8.7 g cm™2.
The correction to the top of the telescope takes into
account the distribution of this matter and the efficiency
of 909 for detecting nuclear interactions in the telescope.
The further extrapolation to the top of the atmosphere
uses a slab model in which the latest semiempirical cross
sections for proton-nucleus interactions are adjusted to
air-nucleus cross sections using the target factors pre-
sented by Westfall et al. (1979). Errors of +10%; are
assumed for these cross sections and incorporated into
the errors shown.

In Table 1 we show the intensities obtained at the top of
the atmosphere and the charge abundance ratios relative
to Si.

IV. RESULTS AND COMPARISON WITH OTHER DATA

The relative abundances from this experiment are
compared with those from other experiments with a
comparable statistical accuracy at lower energies
(Garcia-Munoz and Simpson 1979: 70-400 MeV per
nucleon) and higher energies (Dwyer and Meyer 1981:
12-2.4 GeV per nucleon) in Figure 4. The general
agreement between the measured relative abundances is
good although variations outside of the quoted errors,
which are mainly statistical, are observed. Some energy-
dependent variations would be expected from galactic
propagation effects, but we believe that an important
source of part of the existing differences in the balloon
data could be contained in the corrections to the top of
the atmosphere. To give the reader an appreciation for

TABLE 1
INTENSITIES OF VARIOUS CHARGES

c/C? Observed Intensity Ratio to
Charge (600-1000 MeV per nucleon) Events at Top® Si

He................ 0.514-0.758 24,260 5408 + 1.1 2703+ 58
Co, 0.450-0.714 19,950 1.52 + 0.03 7.60 + 0.16
N, 0.434-0.710 5,696 0.42 + 0.01 2.08 £+ 0.05
(O 0.416-0.605 16,083 141 £ 0.03 707 £ 0.15
Ne.ooovrinnnnn 0.372-0.696 2,646 0.228 + 0.005 1.13 + 0.03
Na................ 0.361-0.693 674 0.051 + 0.002 0.258 +0.011
Mg ..o 0.326-0.685 3,228 0.282 + 0.006 1.42 +0.04
Al 0.310-0.682 708 0.056 + 0.002 0282 £+ 0.012
Sii 0.264-0.675 2,260 0.202 + 0.004 1.00
S 0.190-0.665 512 0.0467 + 0.0019 0.231 £ 0011
Ar ..o 0.141-0.658 225 0.0205 + 0.0012 0.102 + 0.007
Ca.oovvvnnnnnnnns 0.072-0.640 322 0.0323 + 0.0015 0.161 + 0.009
Cr’ ... -0.624 242 0.0240 + 0.0015 0.118 + 0.008
Fet ... ... —0.606 1,205 0.142 + 0.004 0.698 + 0.020
Ni® ... —0.590 61 0.0074 + 0.0009 0.035 + 0.005

* C/C,, and energy intervals are at the top of the atmosphere.

-2 -1

®In particles m™2 sr
(1977 September 1-3) = 2336.

s~ 1. Mount Washington neutron monitor intensity at time of ballon flight

¢ Events below Cerenkov threshold are obtained assuming a similar spectrum to Si nuclei.
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F1G. 4.—Relative abundances at the top of the atmosphere at low
energies (Garcia-Munoz and Simpson 1979) (open circle), intermediate
energies (this experiment) (filled circle), and high energies (Dwyer and
Meyer 1981) (open square) for elements whose source abundances are
determined in this paper.

the measurement uncertainties, we show in Table 2 the
results of several measurements of the important Si/Fe
ratio at ~1 GeV per nucleon. Even though all measure-
ments lie within +3 o of the weighted average, there is
still a significant variation in the data—one that becomes
important when the energy dependence of the Si/Feratio
is examined. Our value for this ratio is ~ 2 ¢ below the
weighted average, and this difference is not large enough

TABLE 2
MEASUREMENTS OF THE Si/Fe RATIO AT ~1 GeV PER NUCLEON

Reference Ratio
This WOTK ...viiniiiiii i 1.43 + 0.05
Lezniak and Webber 1978 .............ccceiiiiinn. 1.54 + 0.08
Youngetal. 1981 ... 1.77 £ 0.09
Scarlett, Freier, and Waddington 1978................ 1.28 + 0.06
Fisheret al. 1976 ........ccovieiiiiiiiiiiiiiininne. 1.52 £ 0.08
Israelet al. 1979 ..o e 157+ 0.10
Lund et al. 1975 oo 1.66 + 0.07
Garcia-Munoz et al. 1975 .........ccovviiiiiie i 1.40 + 0.10
Garcia-Munoz and Simpson 1979..................... 1.48 + 0.08*
Dwyer and Meyer 1981 ... 1.71 £ 0.05°
Weighted average ..............cooeevviiiiniinninnnn.. 1.53

* Adjusted to 1 GeV per nucleon assuming identical Si and Fe
source spectra.
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to alter significantly the derived cosmic-ray source abun-
dances as long as this determination is restricted to one
energy level.

V. EXTRAPOLATION OF THE RELATIVE ABUNDANCES TO
THE COSMIC-RAY SOURCE

We have derived the cosmic-ray source composition
from the data obtained at Earth using an interstellar
propagation model, taking into account the effects of
solar modulation with ¢ = 400 MV. A standard leaky-
box model (exponential path length distribution) is
assumed for galactic propagation. Ionization energy loss,
secondary and higher order fragmentation, and radio-
active decay are taken into account in the computer
program. The fragmentation cross sections we use are the
most recent semiempirical cross sections of Tsao and
Silberberg (1979), modified by experimental values where
available. Errors of +109%, for these cross sections are
assumed. We extrapolated back to the source allowing
the escape mean free path A, to be a variable. Calcula-
tions were also made with a path length distribution
truncated at short path lengths.

There is some evidence that not all interstellar propa-
gation calculations, even those using the same model and
same fragmentation cross sections, give the same results
on the production and growth of the various charges
(Freier 1980). Our calculations agree very closely with
those of Stone and Wiedenbeck (1979), Simon (1977), and
Shapiro and Silberberg (1975), where comparisons can be
made. Significant differences exist in some cases between
our calculations and the calculations performed by the
Chicago group (e.g., Garcia-Munoz and Simpson 1979).
These authors have noted some of these differences and
suggest that they are due to the truncated path length
distribution they used. As we will show shortly, however,
a truncated path length distribution makes only a small
effect as do other deviations from the standard leaky-box
(exponential path length distribution) model.

In order to illustrate the effects of the interstellar
propagation on the measured charge abundances more
clearly, we shall describe them in terms of source
factors—the factors needed to multiply the observed
relative abundances at Earth to obtain the source abun-
dances. The source factors presented in Table 3 are for an
energy of 800 MeV per nucleon referenced to a source
factor of 1.0 for Si (see also Figure 5). The source factor
S(Z, E) may be considered to be made up of two domin-
ant terms

S(Z,E)=P(Z,E)- f(Z,E),

where P(Z, E) may be called the propagation factor and
f(Z, E)isafragmentation factor to take care of secondary
production. Thus, to obtain the source abundance j; from
the abundance observed at Earth j,, one writes

js=Je S(Z, E) .
The propagation factor for a leaky-box model is
essentially
1

P(Z,E)= [Z +7

x AE ,
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TABLE 3
EXTRAPOLATION TO THE COSMIC-RAY SOURCE FOR A, = 6 + 1 g cm™2

Ratio to Source Ratio Solar Cosmic

Charge Si Source Factor to Si Rays
He........... 2703 + 5.8 0.44 + 0.03 118 + 8 416 + 20
C .. 7.60 + 0.16 0.62 £+ 0.03 471 +£022 274 £ 0.29
N.oenn. 2.08 + 0.05 0.13 +£ 0.04 027 £ 0.08 0.70 £+ 0.08
(0 JUUTU 7.07 £ 0.15 0.76 £ 0.02 5.37 £ 0.19 5.80 + 0.60
Ne..oooeornnnn 1.13 +£ 0.03 0.57 £ 0.03 0.64 + 0.03 0.97 + 0.07
Na........... 0.258 + 0.011 0.35 + 0.06 0.090 + 0.016 0.07 + 0.03
Mg ..o...... 1.42 + 0.04 0.79 + 0.02 1.12 + 0.04 1.20 £ 0.18
Al............ 0276 + 0.012 0.54 £+ 0.06 0.146 + 0.017 0.10 + 0.02
Siiiinn.. 1.00 1.00 1.00 1.00
S 0231 £ 0.011 0.73 + 0.04 0.168 + 0.011 0.20 + 0.04
Ar ........... 0.102 + 0.007 0.24 £ 0.06 0.025 + 0.007 0.03 +£0.01
Ca........... 0.161 + 0.009 0.52 + 0.05 0.083 + 0.009 0.10 + 0.02
Cr...ooenn.. 0.118 + 0.008 021 +0.09 0.025 £ 0.011 0.02 +£0.01
Fe ........... 0.698 + 0.020 1.50 £ 0.06 1.04 + 0.04 1.09 +0.18
Niooonnn. 0.035 + 0.004 1.57 £ 0.06 0.058 + 0.007 0.06 + 0.015

where A, is the interaction mean free path of the ith species
in hydrogen and AE is an energy loss term that must be
computed numerically and is only weakly charge depen-
dent in the energy range being considered here. The
propagation factor will change slowly with charge mainly
because ofa variation in 4. It will be the dominant term in
the source factor for charges where the secondary produc-
tion is small.

The other term, the fragmentation factor, depends on
the fragmentation cross sections into the species in
question and the fraction of that species that can be
attributed to secondary production. Schematically,

f(Z’ E) = (1 _f;)rod/f;z) )

where f,,..q is the total secondary production of a particu-

lar charge and f, is the observed abundance of that charge
at Earth. This term has the effect of reducing the source
factor and, for species for which the secondary produc-
tion is dominant, leads to small source factors. In these
cases, the source abundance errors are due mainly to
uncertainties in the fragmentation cross sections and the
escape length, A, which enter into fyro4.

Several points are worth noting with this method of
presentation. First of all, because we are dealing with a
single energy interval, the fact that . is a function of
energy has very little influence on the results. Models in
which the path length distribution is truncated at small
path lengths effect mainly the propagation term.
Examples of a 4 g cm™? exponential distribution
truncated with a linear rise below 1 g cm™?2 and simple

T T T T T T T T T T
- Propagation at 0.8 GeV /nuc 1
» I / 1
§ 1.5F A
? : P(Z,E )—\%/ :
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L‘L:J B % 4
o r 4
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3 1Of E
© L 4
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L 4(;/cm2 4
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é ~4g/<:m2____\:/'
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S 05} e6g/em? h
g" 89/cm2 T
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F1G. 5.—Source factors for various nuclei relative to Si. The factor P(Z, E) is shown separately for various values of the escape length. This factor is
multiplied by f(Z, E) for these escape lengths to give the overall propagation factor as illustrated for S nuclei.
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exponential path length distributions of 4, 6, and 8 gcm ™2
of hydrogen are shown in Figure 5 which illustrates
schematically how the overall source factors are obtained
for several charges. Basically, the differences between
truncated and exponential path length distributions
become important only when comparing charges widely
separated in Z.

In selecting charges for which to derive a source
abundance, we have chosen only ones in which the
fraction fyr04/ fo < 0.85 for a nominal escape length of 6
gcem™ 2, For other charges, the errors in the cross sections
and in 4. are too large to allow meaningful source
abundances to be obtained. The final source abundances
that we obtain are shown in Table 3. They are based on
data with a much greater statistical accuracy and better
charge resolution than those derived earlier by LW, but
they agree generally within +109%;-209%; with those ear-
lier abundances and include a more precise abundance
for Na, and also source abundances for Ar and Cr nuclei.
An important ratio from this work is the He/O ratio
which is 21.5 + 1.5.

It should be noted that, for comparison purposes, it is
frequently necessary to compare isotopic ratios of certain
elements. Since isotopic abundance differences are ob-
served between the cosmic-ray source and solar system
material for Ne, Mg, Si, and possibly C nuclei (Wieden-
beck and Greiner 1981; Webber 1982), the isotopic ratios
for these charges may be significantly different than the
overall charge ratios. This is most important for the ratios
involving the Ne isotopes where it is found that the
22Ne/?°Ne ratio is ~ 4 times the solar ratio and
the isotope 2°Ne is underabundant by a factor ~ 0.5
relative to solar. Examples of differences in charge and
isotopic ratios of key elements involving Ne are given in
Table 4 (isotope ratios after Webber 1982).

VI. SOLAR COSMIC-RAY ABUNDANCES

Recently, the precision of solar cosmic-ray abundance
measurements has improved dramatically (McGuire, von
Rosenvinge, and McDonald 1979; Cook, Stone, and Vogt
1980). At the same time, our understanding of the energy
dependence of the charge ratios that are observed for
these particles is more complete. For energies above a few
MeV per nucleon, these ratios are observed to vary about
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TABLE 4

COMPARISON OF CHARGE AND ISOTOPE
RATIOS FOR SEVERAL CHARGES

Ratios GCRS SCR
Charge ratio:
ClO. i 0.88 0.46
O/Ne ...oovvviiiiiiiii, 8.39 6.11
Ne/Mg...ooooviiiiiiii 0.57 0.81
Ne/Sioiiiiiiiii 0.64 0.97
Isotope Ratio:
2C/180 i 0.85 0.47
160/2°Ne 12.2 6.73
20Ne/**Mg ... 0.51 0.92
20Ne/28Si 0.46 0.89

an average ratio from event to event so that, ifanaverage
ratio for many events is taken, this is believed to represent
closely the average abundances for the accelerated solar
material. Such an average is shown in Table 3 based on
the work of Cook et al. It should be cautioned, however,
that the cause for these variations about the average is not
yet fully understood so that the use of average solar
particle abundances might still be subject to systematic
uncertainties.

VII. COMPARISON OF GALACTIC AND SOLAR
COSMIC-RAY ABUNDANCES

If the ratio of cosmic-ray source to solar cosmic-ray
abundances is formed from this data, the picture il-
lustrated by Figure 6 emerges. Of the 15 charges
compared, 11 have ratios consistent with 1 (similar
abundances). This rather strong similarity was first
pointed out by Webber (1975) and more recently by
Cook, Stone, and Vogt (1980) and others based on
improved solar cosmic-ray data. The four elements whose
abundances differ significantly in the two sources are He,
C, N, and Ne.

In Figure 7 the abundance ratios of galactic cosmic-ray
sources to solar cosmic rays (GCRS/SCR) are plotted
versus first ionization potential. Here a very weak
correlation, if any, is seen to exist, although it could be
argued that those elements with the highest ionization
potential are underabundant in the galactic cosmic-ray
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F1G. 6.—Ratio of charge abundances, GCRS to SCR
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FiG. 7.—Ratio of charge abundances, GCRS to SCR, vs. first
ionization potential.

source. It is also possible to conclude that another type of
selective effect influencing only the relative abundance of
He, C, N, and Ne is at work, and that it is not necessarily
related to first ionization potential. We shall return to this
discussion after we have presented various nonac-
celerated abundance compilations and compared them
with the cosmic-ray abundances.

VIII. ABUNDANCE COMPILATIONS FOR SOLAR SYSTEM
MATERIAL

We compare the abundances of accelerated particles
with several types of other abundance compilations as
illustrated in Table 5, including the following:

TABLE 5
COMPARISON OF VARIOUS ABUNDANCE COMPILATIONS

Charge Ss® LG® Photosphere®  Corona®

He ............ 1800 2700 1410 Uncertain
[ 11.1 13.0 9.33 11.35

N o 231 2.30 1.95 1.07

[0 JUTR 18.4 23.0 155 6.30
Ne ............ 2.60 2.70 0.83 1.00
Na............ 0.06 0.056 0.043 0.071
Mg............ 1.06 1.05 0.89 1.00

Al ............. 0.085 0.084 0.074 0.074
Sioiiinl. 1.00 1.00 1.00 1.00

S 0.50 0.45 0.35 0.33
Ar............. 0.106 0.09 0.022 Uncertain
Ca ...l 0.063 0.062 0.05 Uncertain
(6 ST 0.013 0.013 0.0115 Uncertain
Fe............. 0.90 0.88 0.71 1.00
Nioooooooon... 0.048 0.048 0.043 0.051

# Cameron 1980.

® Meyer 1979.

° Ross and Aller 1976.

4 Parkinson 1977; Mariska 1980.
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1. Solar system abundances after Cameron (1980).
These are the most common abundances used to compare
with both galactic or solar cosmic rays. Generally, the
Cameron abundances are derived from C1 type meteor-
ites. However, the C, N, and O abundances are nor-
malized to Si from the solar photospheric data of Ross
and Aller (1976). Also, the abundances of He, Ne, and Ar
are obtained by extrapolation, or, in some cases by using
(earlier) solar cosmic-ray abundance data.

2. Local galactic abundances after Meyer (1979). A
variety of abundance data is used in this compilation. The
abundances here do not differ significantly from those of
Cameron for the charges we are interested in. Thus, the
first and second compilations are interchangeable in
spite of their somewhat different data base.

3. Solar photospheric abundances after Ross and Aller
(1976). These abundances are all derived principally from
solar photospheric measurements with the exception of
Ne and Ar which are derived from (earlier) solar cosmic-
ray measurements. These two elemental abundances
differ significantly in this compilation from those of the
first and second compilations because of a different
normalization procedure. There are also differences in the
relative He, C, N, and O abundances.

4. Solar coronal abundances. Here, we have used a
combination of several recent measurements (Parkinson
1977; Mariska 1980) that seem to reach a consensus on a
much lower O/Si ratio than exists in the first, second, or
third compilations. The differing O/Si ratio obtained from
photospheric and coronal measurements is discussed by
Parkinson, but it is not yet clear whether this represents a
real composition difference between these two locations.
Suffice to say that these differences will be very important
when comparing these abundances with galactic or solar
cosmic rays.

IX. ABUNDANCE COMPARISONS

If a traditional comparison between the galactic
cosmic-ray abundances and local galactic abundances is
made using first ionization potential as a parameter, the
results depicted in Figure 8 are seen. A correlation with
first ionization potential is obvious, although there are
significant variations beyond a strict one-to-one correla-
tion. Note that the same correlation will appear for the
GCRS/SS ratio, since the solar system (SS) abundances
are virtually identical to the local galactic ones. There is
some tendency for the data to be grouped into two
classes—those elements with ionization potential less
than and those with ionization potential greater than
~ 10 eV. It should be noted, however, that the elements
with I > 10eV include C, N, O, and He, Ne, and Ar, all of
whose abundances are obtained by a different set of
procedures than used for the other elements in the local
abundance compilations.

Next we compare the solar cosmic-ray abundances
with the solar system abundances using first ionization
potential as a parameter in Figure 9. Any differences
between this correlation and that in Figure 8 must be due
to differences in galactic and solar cosmic-ray composi-
tion since the data base comparison is essentially the
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FIG. 8.—Ratio of charge abundances, GCRS to local galactic material, vs. first ionization potential
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vs. first ionization potential.

same. Here the separation into two classes of elements at
an ionization potential ~ 10 eV is even more striking.

It would be more useful, however, to compare the solar
cosmic-ray abundances directly with the abundance of
material in the acceleration regions themselves which are
presumably in the solar corona. As a first step to this kind
of comparison, the solar cosmic-ray abundances are
compared with photospheric abundances in Figure 10,
again using first ionization potential as a parameter.
Here, the correlation with first ionization potential and
the discontinuity in abundance ratios at ~ 10 eV, is much
less convincing. This is due mainly to the different He, Ne,
and Ar abundances used in the photospheric compila-
tion. The abundances of these elements are derived from
solar cosmic rays in each case but using different normal-
ization procedures!

And, finally, the most direct comparison of all, between
solar cosmic rays and solar coronal abundances is made
in Figure 11. Here, there is no correlation with first
ionization potential at all, and, in fact, except for C, the
two species have generally the same abundance. If this
comparison is accepted at face value, then the evidence
for preferential acceleration effects for solar cosmic rays is
very limited, and the abundance differences between solar
cosmic rays and other solar abundance compilations are
due mainly to an abundance difference in the corona
itself. Several possible suggestions have been made for
producing abundance differences between the photo-
sphere and the corona, as noted by Mariska (1980). It
seems that the key to understanding this problem is the
O/Si ratio in the various abundance compilations. In
addition to the C and N abundances which are usually
referenced to O, the abundances of the elements He, Ne,
and Ar, as obtained from solar cosmic rays, depend
critically on whether the normalization is made with
respect to O or to Si. Until these problems are cleared up,
it is difficult to support the idea of a preferential accelera-
tion effect as being responsible for the dominant first
ionization potential effects seen in Figures 8 and 9.
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It should be remarked here that there is indeed strong
evidence for certain types of preferential acceleration in
the solar cosmic rays. This is indicated by the unusual
3He abundances observed in several events and also by
abundance variations about the average as observed from
flare to flare (e.g., Fe-rich flares) (Cook, Stone, and Vogt
1980). These effects may be related to various plasma
processes on the Sun, and a very likely model is the one
proposed by Fisk (1978), in which the ion cyclotron
waves resonantly heat *He and certain ions of heavier
elements with a similar mass-to-charge ratio to a far
greater temperature than ions with A/Z. = 2.0, such as
“He and '2C. This process could be responsible in part for
the abundance differences noted in Figures 8 and 9. Other
possible models that explain differences in solar cosmic-
ray and solar system material via preferential accelera-
tion processes have been advanced by Cassé and Goret
(1978) and by Mullan and Lavine (1981). Both of these
models are two-stage models; the first stage involves first
ionization potential and the second stage requires an
injection process depending on magnetic rigidity. Before
either of these models is required to explain all of these
differences, however, one needs to resolve the O/Si ratio
dilemma and to verify whether the elemental selection is
taking place between the photosphere and the corona or
between the corona itself and the solar cosmic rays.

Meanwhile, abundance differences between two
samples of accelerated matter, galactic and solar cosmic
rays, clearly do exist. If preferential acceleration is
assumed to occur in both sources, then it must be
operating in a different manner to produce the abundance
differences. Or, alternatively, the source material itself
must have different abundances. The abundance differ-
ences between galactic and solar cosmic rays are rather
selective, and it seems worthwhile to examine whether
they could be the result of abundance differences in the
two sources, ie. basically the result of different
nucleosynthesis histories. This point of view receives
considerable support from recent measurements which
indicate that the abundance of 22Ne and possibly the
heavy isotopes of Mg and Si as well are enhanced in
the cosmic-ray source relative to solar abundances (e.g.,
Wiedenbeck and Greiner 1981). A possible explanation
for these particular enhancements has already been sug-
gested by Woosley and Weaver (1981); see also Arnett
1969). Their supermetallicity model predicts approxi-
mately equal enhancements of 22Ne, 2°Mg, and 3°Si, as
well as a variety of other neutron-rich isotopes. In this
model, for regions enriched in metals, He burning
accompanied by the reaction sequence

"N, 7)'*F(8*, v)'*O(a, 7)**Ne
results in increases in the heavy isotopes, such as '*O,
22Ne, 26Mg, 3°Si, etc. Further reactions convert part of
this excess into free neutrons which then react with heavy
nuclei to produce other enhancements of neutron-rich
isotopes. Overall, in this process, the additional process-
ing of both “He and !*N may result in an underabun-
dance of these elements in the cosmic-ray source relative
to the solar source as indeed is observed. Quantitative

© American Astronomical Society * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1982ApJ...255..329W

[l

&

3D IIZ55I

A

oy
0
&

No. 1, 1982

calculations of the underabundance of these elements is
expected to be difficult because of the possible dilution of
this stellar material with the interstellar gas at the cosmic-
ray source.

The other elements in the cosmic-ray source with
different relative abundances are C and Ne, or more
specifically '2C and 2°Ne. The abundances of these
elements are connected in the nucleosynthesis cycle
through explosive C burning following the He burning
that produces the initial *2C and O abundances. A wide
variety of senarios are possible for the C burning (e.g.,
Pardo, Counch, and Arnett 1974). Most of these senarios
start out with '2C/'°0O < 1, and, throughout the C
burning, this ratio becomes even less, e.g., it is generally
adjusted to fit the solar ratio of 0.46. To obtain a larger
12C/16Q ratio, it is required that the initial ratio be larger,
a function of the He burning (which is apparently still
uncertain [Arnett 1977]), or that the C burning be
incomplete (e.g., at a lower temperature than usually
assumed), or that both of these conditions occur. A lower
temperature burn will result in a lower 2°Ne abundance
as is seen in the cosmic-ray source. This will also modify
the abundances of the isotopes of Na, Mg, Al, and Si; in
particular, a low 2*Mn abundance should also be ex-
pected, and this is not the case.

The new abundance ratios presented here, along with
the observed isotopic abundance differences, present a
challenge to nucleosynthesis theory, as well as to prefer-
ential acceleration models, and until more detailed calcu-
lations are made in both areas, it does not seem possible
to understand completely these galactic and solar cosmic-
ray abundance differences.

Another perspective on the galactic cosmic-ray relative
abundance measurements can be obtained by a com-
parison with recent, interstellar material abundance
measurements, particularly those from supernova rem-
nants which are considered to be prime regions for the
origin of the cosmic rays. The particular abundance vari-
ations observed fora Type I remnant (Cas A) (Becker et al.
1980) or a Type II remnant (Puppis A) (Canizares and
Winckler 1981) do not correlate in any way with the
observed cosmic-ray source abundance for the several
elements where the comparison can be made.

There is evidence that the interstellar medium may be
enriched in '3C relative to 12C by a factor ~ 2 relative to
solar abundances (Wannier 1980), and this type of enrich-
ment may also exist in the cosmic-ray source abundances.
However, other patterns of abundance similarities be-
tween these two classes of material involving both
charges and isotopes have not been established.

X. SUMMARY AND CONCLUSIONS

The relative charge abundance of galactic cosmic-ray
nuclei has been measured between 600-1000 MeV per
nucleon over a wide range of Z from 2-28. The abun-
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dances observed at Earth have been extrapolated to the
cosmic-ray source yielding accurate source abundances
for 15 nuclei. These abundances, along with isotopic
abundances ratios obtained in the same experiment
(Webber 1982) and by Wiedenbeck and Greiner (1981),
are compared with the average abundances observed in
another sample of accelerated material-solar cosmic
rays. Significant differences are found in the composition
for the elements He, C, N, and Ne. For Ne, the 22Ne/?°Ne
ratio is ~ 4 times greater in the cosmic-ray source than in
solar cosmic rays, which, coupled with the low abundance
of Ne, means that 2°Ne in galactic cosmic rays is under-
abundant relative to solar cosmic rays by a factor ~ 2.
These galactic and solar cosmic-ray abundances are
compared with those of a variety of samples of unac-
celerated matter. The usual correlations with first ioniza-
tion potential are observed when the comparison is with
“solar system ” abundance compilations. However, pos-
sible normalization problems for the O/Si ratio and for
various abundances such as He, Ne, and Ar, which are
obtained from solar cosmic-ray measurements in the first
place, are found in many of the nonaccelerated abun-
dance compilations. These are such that they may com-
pletely wash out solar cosmic-ray and solar abundance
differences, and indeed there is little evidence of any
difference between the most recent coronal abundance
data and solar cosmic rays.

In view of these difficulties, we have examined more
carefully the very clear differences apparent in the two
accelerated species, galactic and solar cosmic rays. At the
present time, these differences seem to be explained more
easily in terms of different nucleosynthesis histories
rather than preferential acceleration effects. In particular,
one explanation of enhanced *?Ne and other heavy
isotopes in galactic cosmic rays is “He burning in metal-
rich regions via a reaction sequence involving '*N.
Additional processing of “He and !“N might explain both
the underabundances of these isotopes and the overabun-
dance of isotopes such as 2?Ne and Mg in the cosmic-
ray source. It is further noted that the *2C overabundance
and 2°Ne underabundance in the cosmic-ray source may
be related to details of the He-burning process followed
by explosive C burning.

The new cosmic-ray source charge ratios presented
here, along with specific isotopic abundance differences
that are observed, require new calculations in the areas of
both nucleosynthesis theory and preferential acceleration
and present a new challenge to the attempt to locate the
source regions of galactic cosmic rays.
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