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ABSTRACT 

We report new high resolution measurements of the elemental and isotopic composition of galactic 
cosmic ray B, C, N, and 0 nuclei with ~ 30 to ~ 130 MeV nucleon-•. These observations place 
limits on the isotopic composition of the cosmic ray source and restrict possible models of cosmic ray 
origin and propagation. In particular, we find that N is significantly depleted in the cosmic ray 
source with respect to the solar system and local interstellar medium, a result inconsistent with 
models in which a majority of cosmic rays are accelerated interstellar medium material. 

Subject headings: cosmic rays: abundances- cosmic rays: general 

I. INTRODUCTION 

Recent high resolution measurements have shown that 
the neutron-rich isotopes of Ne, Mg, and Si are en
hanced in the cosmic ray source by factors of ~ 1.5 to 
~ 4 relative to their solar system abundances (see, e.g., 
Mewaldt eta/. 1980; Wiedenbeck and Greiner 198la, 
1981 b), providing evidence that the nucleosynthesis of 
cosmic rays has differed from that of the bulk of solar 
system matter. There is evidence from millimeter-wave 
observations (Penzias 1980; Wannier 1980) that the 
abundances of interstellar C, N, and 0 isotopes also 
differ from those in the solar system, indicating the 
importance of studying these isotopes at the cosmic ray 
source. This study is difficult, however, because the 
observed cosmic ray abundances of the neutron-rich C, 
N, and 0 isotopes are expected to be dominated by 
spallation products produced during passage through 
the interstellar medium (ISM). But for the-same reason, 
these isotopes also provide tests of cosmic ray propaga
tion models. 

An important question to be addressed by isotope 
studies is whether cosmic rays represent recent super
nova ejecta, accelerated either during the explosion or 
from the remnant, or whether they represent ISM 
material, possibly accelerated by interstellar shock waves. 
The abundance of nitrogen at the source has been 
suggested as a test of these alternatives (Silberberg, 
Shapiro, and Tsao 1975). This abundance is best de
termined by nitrogen isotope studies. 

In this Letter we report new high resolution measure
ments of cosmic ray B, C, N, and 0 in which the 
isotopes are separately resolved and the resulting abun
dances limited by statistical rather than systematic un
certainties. 
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II. OBSERVATIONS 

These observations were made with the Cal tech Heavy 
Isotope Spectrometer Telescope (HIST) on /SEE 3 dur
ing quiet-time periods between 1978 August 13 and 
1978 December I. We have limited the energy interval 
for analysis to 2::: 30 MeV nucleon- 1 in order to exclude 
the anomalous enhancements in the N and 0 spectra 
observed at lower energy (see, e.g., Gloeckler 1979). 
Details of the method of resolving isotopes in the HIST 
solid-state detector telescope are discussed in Mewaldt 
et a/. ( 1980), and a preliminary version of this report is 
presented in Mewaldt eta/. (198la, 198lb). 

In the observed mass distributions shown in Figure 1, 
the measured mass resolution ranges from 0.07 amu at B 
to 0.15 amu at 0, allowing mass assignments to be made 
on an individual particle basis. The data in Figure 1 
represent the best mass resolution so far achieved for 
heavy cosmic ray isotopes. Unfortunately, a component 
failure in the HIST readout logic on 1978 December 1 
(which reduced the number of data bits transmitted to 
Earth) limited the period during which high resolution 
data such as these could be accumulated. 

Table 1 summarizes the element and isotope ratios 
that we obtain. Our element abundances are in good 
agreement with other satellite observations at similar 
energies (Garcia-Munoz and Simpson 1979). Figure 2 
compares our measured isotope abundances with other 
selected observations and with the results of cosmic ray 
propagation and solar modulation calculations (kindly 
provided by M. E. Wiedenbeck). The calculations as
sume a standard leaky-box propagation model with a 
mean path length A= 5.5 g cm-2 of interstellar matter 
(with HejH = 0.1) and solar modulation with a mean 
energy loss «<> = 300 MeV nucleon-1• 
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FIG. I.-Mass histograms of B, C, N, and 0 nuclei in the indicated energy intervals. Note that the boron and nitrogen distributions have 
been scaled up by a factor of 2. Event totals at rare isotopes are: 10B = 5, 13 C = 7, 170 = I, and 18 0 = 3. 

TABLE I 

OBSERVED ELEMENT AND ISOTOPE RATIOS 

Energy 
Interval Observed Isotope Observed 

Element (MeV nucleon - 1) Abundance• Ratio Ratio" 

B ........... 33-107 022{ +0.06 
. -0.05 

10B/B 0 19{ +O.ll 
. -0.05 

C ........... 30-126 0.99 ± 0.12 13CjC 0 052 { +0.029 
. -0.011 

N ......... 30-132 0.26 ± 0.05 15N/N 0.63 ± O.Q7 

0 ........... 30-148 =1.00 

"68% confidence intervals. 

III. INTERPRETATION OF THE OBSERVATIONS 

Our observations of 13 CjC, 170/60, and 180/6 0 
are consistent with the calculated ratios and with most 
of the other results shown in Figure 2, while our 10B/B 
measurement is marginally below the calculated value. 
Table 2 includes limits on the source abundances of the 
C, N, and 0 isotopes, assuming A== 5.5 g cm- 2 and 
«P == 300 MeV nucleon -I. Larger values for either A or 
«P (see below) would lead to smaller limits on these 
ratios. While we find no evidence for nonsolar source 
abundances of the neutron-rich isotopes of C and 0, 
neither this or the other recent satellite study included in 
Table 2 rules out the possibility of enhancements of a 
factor of 2 (or, in some cases, even more) in their source 
abundances. Note that although the cosmic ray results 
for the C and 0 isotopes are not yet sufficiently precise 
to discriminate between the solar system and ISM, only 
modest improvements in statistical accuracy and knowl
edge of the relevant cross sections are necessary to do so 
(Wiedenbeck and Greiner 198la, 198lb). 

Figure 2 also presents the N observations, among 
which there are considerable disagreements, with re-

170/60 0 006 { +0.013 
. -0.006 

180/60 0.018 { ~g:~~ 

ported 15NjN ratios ranging from~ 0.3 to~ 0.6. Some 
of these disagreements are undoubtedly due in part to 
marginal isotope resolution in some of the earlier experi
ments. Our measured value e5N/N == 0.63 ± 0.07) is 
> 0.5 at the 95% confidence level, and significantly 
( ~ 3 a) greater than the calculated ratio in Figure 2, as 
are several of the other measurements (Preszler et a/. 
1975; Hagen, Fisher, and Ormes 1977; Webber, Kish, 
and Simpson 1979; Wiedenbeck eta/. 1979). The dif
ference between the calculated and observed values 
implies that either 15N at the source is significantly 
enhanced over its solar system abundance e5N/N == 
0.0037; Cameron 1980), or the cosmic ray propagation 
calculation is in need of revision. In the following dis
cussion we assume that the source abundance of 15N is 
negligible. The extent to which the observed 15N/N 
ratio deviates from that expected from fragmentation 
alone is then a measure of the 14N abundance at the 
source. 

In a recent study of the CNO isotopes, Guzik (1981) 
pointed out that the 14N and 15N production cross 
sections from 16 0 have not been directly measured 
below ~ 2 Ge V nucleon -I. He suggested revised cross 
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FIG. 2.-A comparison of measured and calculated iso
topic ratios. Data points: filled circle, this work; triangle, Guzik 
(1981), Garcia-Munoz, Mason, and Simpson (1977); diamond, 
Weidenbeck eta/. (1979), Wiedenbeck and Greiner(l98la, 198lb); 
vertical rectangle, Buffington, Orth, and Mast (1978); open circle, 
Zumberge (1981); inverted triangle, Hagen, Fisher, and Ormes 
(1977), Fisher eta/. (1976); cross, Preszler eta/. (1975), Webber 
and Kish (1979), Webber, Kish, and Simpson (1979); horizontal 
rectangle, Bjarle eta/. (1977); circled cross, Dwyer (1978). The 
curves were calculated using source elemental abundances from 
Silberberg, Tsao, and Shapiro ( 1976), isotopic abundances from 
Cameron (1980), and cross sections from Tsao and Silberberg 
(1979). 

sections based on scaling p + 12 C--> 10• 11 B measure
ments. Thus the predicted 15NjN ratio for fragmenta
tion alone is 0.58 or 0.65, depending on whether Tsao 
and Silberberg (1979) or Guzik cross sections are used. 
Since both of the predictions are consistent with our 
observer;! ratio (0.63 ± 0.07), it is possible that all of the 
observed nitrogen results from fragmentation and none 
is from the source. 

Of course, the addition of a finite source abundance 
of 14 N yields smaller predicted 15N/N ratios. However, 
our observed 84% confidence limit of 15NjN ~ 0.56 
restricts such source abundances to 14N/O ::5 0.01 for 
the Tsao and Silberberg cross sections and 14N/O ::5 

0.03 for Guzik's cross sections (see Figs. 9 and 10 of 

Guzik 1981 ), using the standard propagation model. 
These limits are rather insensitive to the details of the 
model, so that for a broad range of assumed path 
lengths ( 4 ::5 A ::5 8 g em- 2 ) and solar modulation ( 100 
::5 tt> ::5 400 MeV nucleon- 1) we find 14Nj0 ::5 0.04. 
There is less than a 2% probability that the source 
14 Nj0 ratio could be as large as 0.10 for the above 
ranges of A and tt>. Our limit on the 14 N source abun
dance is consistent with that of Webber, Kish, and 
Simpson (1979) who found NjO = 0.028 ± 0.009, but 
is at the lower limit of Guzik's value of 0.07 ± 0.03. 
Note that our observed 14N/O and 15 Nj0 ratios are 
0.10 ± 0.03 and 0.17 ± 0.04, respectively. Thus a source 
ratio of 14 N jO ~ 0.10, typical of the solar system and 
ISM, would require that the secondary contribution to 
14Nj0 be ::5 0.03, or ::S 20% of that to 15Nj0. Since 
the calculated 14 N production is 54-72% of that for 
15 N, the relative cross sections would have to be in error 
by a factor of ;:;::: 2.7. 

The observed N/0 element ratio provides an addi
tional constraint on the propagation model (Guzik 1981 ). 
For example, the observed element ratio N/0 = 0.25 ± 
O.Ql (Garcia-Munoz and Simpson 1979) combined with 
our 15NjN isotope ratio requires A~ 6 gem- 2 for tt> ::5 

400 MeV nucleon- 1 using Guzik's cross sections. In 
addition, the N/0 and 15NjN observations allow a 
limit of ::5 0.09 to be placed on the 15 Nj0 ratio at the 
source, although there are presently no limits that we 
can place on the source 15N/4 N ratio. 

IV. DISCUSSION 

Although there is as yet no strong evidence for non
solar abundances of the neutron-rich isotopes of C, N, 
and 0 in cosmic rays, the present observations do 
restrict possible explanations for the observed enhance
ments in the neutron-rich isotopes of Ne, Mg, and Si. 
Wiedenbeck and Greiner ( 1981 a) concluded that their 
180/6 0 observation was inconsistent with one of the 
Woosley and Weaver (1981) models in which stars with 
M- 10 M 0 eject a shell rich in 22 Ne and 180. Another 
suggested model, which invokes explosive processing of 
the external hydrogen-rich envelope of novae or super
novae (Casse, Meyer, and Reeves 1979), also predicts a 
13 C enhancement which appears to be several times 
larger than allowed by the present observations. 

Silberberg, Shapiro, and Tsao (1975) have previously 
pointed out that the N abundance can serve as a test of 
cosmic ray origin models, with a low N abundance 
favoring models in which the cosmic ray source abun
dances are similar to those of supernova ejecta, rather 
than to those of the ISM. Hainebach, Norman, and 
Schramm (1976) have discussed a model in which a 
mixture of supernova and ISM material leads to a low 
NjO ratio. Note that in solar system (Cameron 1980) 
and ISM material (Wannier 1980) the N/0 ratio is 
essentially 14N/6 0. 
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ISOTOPE RATIOS 

COSMIC RAY SOURCE INTERSTELLAR MEDIUM0 

Wiedenbeck 
ISOTOPE This Guzik and Greiner Galactic Galactic SOLAR 
RATIO Work (1981) (198la; 198lb) Ring Center SYSTEMb 

13 CjC ...... ~ 0.044c 0.021 ± 0.006c 0.017 0.038 0.0111 

170/60 ... ~ O.OJ2C 0004{ +0.004c 
. -0.003 0.0006 0.0010 0.00037 

180/60 ... ~ 0.020c 0.002 ± o.oo2c 0.0020 0.0033 0.00204 
14N/160 ... ~0.04 0.07 ± 0.03 -O.!Od 0.1255 
ISN/60 ... ~0.09 0.00046 

"Wannier 1980. The galactic ring measurements are for galactic radii of- 5 to - 13 kpc. 
bCameron 1980. 
<Includes only observational uncertainty. Wiedenbeck and Greiner estimate propagation uncertainties 

(dominated by cross section uncertainties) to be 0.002 to 0.005 for 17· 180/60 and 0.012 to 0.017 for 13 CjC. 
dSee text. 

The 14N source abundance that we determine e4 N/6 0 ~ 0.04) is significantly less than in the solar 
system (see Table 2). Ross and Aller (1976) give a solar 
abundance ratio of NjO = 0.13 ± 0.05 based on a 
variety of observations. Recent solar spectroscopic ob
servations include N/0 = 0.12 ± 0.04 for the photo
sphere (Lambert 1978) and N/0 = 0.14 ± 0.01 for the 
corona (McKenzie et a/. 1978). For solar energetic par
ticles, Cook, Stone, and Vogt (1980) find N/0 = 0.12 
± 0.01. Thus observations of this ratio in the solar 
system appear to be reasonably self-consistent. 

The solar system abundances are thought to be repre
sentative of the local ISM ~ 5 billion years ago. Direct 
observations of NjO in the ISM include the work of 
Hawley(l978) who surveyed 13 H n regions with galactic 
radii ranging from ~ 8 to ~ 14 kpc. He found NjO 
ratios ranging from ~ 0.05 to ~ 0.20 with a negative 
radial gradient in the Galaxy of d(logNjO)jdr = 
-0.06 ± 0.02 kpc- 1• At the Sun's location of~ 10 kpc 
the typical NjO ratio is~ 0.10, in agreement with ob-

servations of the Orion Nebula at 10.4 kpc (Peimbert 
and Torres-Peimbert 1977). Thus it appears that nitro
gen is depleted in the cosmic ray source relative to the 
local ISM by at least a factor of 2. It is, of course, 
possible that some mechanism of preferential accelera
tion has depleted N relative to 0 in cosmic rays. 
However, recent models that invoke an acceleration effi
ciency that depends on the first ionization potential or 
related atomic parameters to explain the elemental com
position of cosmic rays do not predict a significant 
effect on the N/0 ratio (cf. Casse and Goret 1978). 
Thus we conclude that our 14N/6 0 limit is inconsistent 
with models in which a majority of cosmic rays are 
accelerated ISM material. 

We thank M. E. Wiedenbeck for the use of his cosmic 
ray propagation calculations and for discussions of their 
interpretation. This work was supported in part by 
NASA under contract NAS 5-20721 and grant NGR 
05-002-160. 
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