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The source composition of the cosmic ray is usually
' calculated at an energy of a few GeV per nucléon.

Recent incasn renient s have however indicated that
the source composition may be energy dependent.
Jn order to' give a quantitative answer to this question
we have calculated the source composition at 50 GeV/
nucléon using an exponential distribution of pathlcngths.
and in the slab approximation. The results obtained
at high energy agree very well with the source
composition obtained at lower energies, except the
abundance of carbon which is significantly lower
than the generally accepted value of low energies.

• »• .
,1_. . Introduction. A knowledge of the micJcar composition of the cosmic
ray sources is of vital importance to the question of the origin of the
cosmic rays. In the last -decade our knowledge of the composition of
the cosmic rays arriving at the earth has greatly increased. At the
same time new measurements have been made of some of the
important nuclear spallation cross sections. A knowledge of these
cross sections, and of the composition enables one to ctjiswcr
important qx\cstions about" the propagation, and the age of the cosmic
rays, and it also allows one to calculate the composition of the cosmic
ray source.

• • %«
The source composition has usxially been calculated around

J GeV/n, since the composition of the arriving cosmic rays is best
known in that energy region. Recently however measurements at higher
energies have become available, and these have shown that the
composition of the arriving cosmic rays depends on their energy.
Energy 'dependent propagation seems to accoxml for most of the
.observed changes but. there have been indications that the carbon/
oxygen and the iron/(earbon plus oxygen) ratios change more than can
be explained by propagation alone, and that the source composition is
thus dependent on energy (Cesarsky and Audoufcc, 1973, hereinafter
referred to as CA).

In order to study the question of possible energy dependence of
the cosmic ray composition at the source, we shall in this paper
calculate the source composition at 50 GeY/nucleon from measurements
reported by Juliusson (1974).
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Table 1 - Fragmentation cross sections in hydrogen
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2. Propagation. To calculate, lire composition of the cosmic ray
source, we need to know the spallation cross sections Oj; for a nucleus

*j to break up into a fragment i in a proton collision. The cross sections
•that we have xised are shown in table I. Measured values arc used
when available (De Lassu.s and Tobailem, 1972 ; Epherrc, 1974 ; LindstrOm
ct al. 1975 ; Tobailem and DC Lassus, 1975 ; Perron, 1975 ; Régnier, 1975)
but otherwise the scmiempirical formula of Silberberg and Tsao (1971)
is used.

•

•The elemenlal cross sections Oj. are obtained from the isolopic
cross sections OQO by sximming over different stable isotopes of element
i and xinstable isotopes that decay into clement i during propagation, and
averaged over the different isotopes of element j. The total destruction
cross sections o are calcxilated from

i /•> •) ?
_ ,, . I f i/J f. n\f' r " /» \o = 5.4 (A ' - 0.2) fm . (1)

which'gives the best fit to the data of llcnbcrg ct al. (1972). The cross
sections are given in fm Jl f m * = 10 mbarn) i.e. a-rca per nucleus. A
more natural unit for propagation calculations is however area per unit
mass, and we denote by the symbol Xjj the cross sections expressed in
cm?'/8-

To calculate the source composition of the cosmic rays in the
leaky box model we use the simple relation (Audoxize. and Cesarsky,
1973)

H' . -1 "1•I- X *)N. - X X / . N. (2)

which follows immediately by setting lh« production terms equal to the
loss terms, a» they must be in a steady state. N? and N. denote the
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relative abundances at 'the source and in the arriving cosmic rays
respectively, and X is the escape length (g/cm2).

• . *

V or the slab model and for the atmospheric propagation, the
only source of production and loss are the spailctlion reactions, and
we have

dN./cU = SX'1. Nj - xyN. ' (3)

where X is the amount of matter traversed (g/cm2).

For the cross sériions X .. in the atmosphere v/e have used
cross section estimates of Meyer, Westcrgaard ctnd Cassé, 1975, and
we correct the data of all experimenters in the same way. The atmos-
pheric corrections used do not disagree significantly from -what one
obtains by assuming that the partial cross sections o-'- on one target
can be obtained from the partial cross sections o.. on another target
by the relation • . _

o.'./o.. = (o!/o.)°-5 - (4)
JJ »J i' i v '

"We note that the propagation equations shown here for the slab (3) and
for the leaky box model (2) arc extremely simple, and almost trivial

. to solve. Nevertheless they lake correctly into account not only
secondary production, hut high order production as \vell.

.̂ _ -lissvdts. We have taken the results given by Juliusson (1974)
for the high energy composition. The data at the lowest energy (?A GeV/n)
arc not included, and the results at 27 GeV/n are given only half

Table II - Source composition of cosmic rays at 50 GcV/miclcon
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weight, since these results arc possibly less accurate than the higher
energy data, due to background from low energy particles. These data
have a representative average energy of about 50 GeV/nucleon. The
.data used are displayed in Table II which shows the values measured
at 6.0 g/cm in the atmosphere, extrapolated to the top of the
atmosphere, and to the sources using a slab model, and an exponential
palhlength distribution. For most elements, the source value is not
very model dependent. The calculated high energy source composition
is compared to a value obtained from the same propagation of lower
energy data obtained in the same experiment (Juliusson and Meyer, 1975).

We have not yet done an error analysis of the propagation
through the atmosphere and through the galaxy and errors due to
propagation arc not included in Table 11. Since the palhlcngth traversed
at high energy is small these propagation errors are in most cases
insignificant compared to the statistical errors on the high energy
data. At low energy on the other hand the measured abundance errors
arc in most cases small compared to the propagation errors, and low
energy values are shown for comparison only.

The pathlength traversed by. the cosmic rays of high energy is
significantly shorter than the pathlengths at low energy. Table 111 gives
a summary of the pathlongths obtained from the abundances of the

.different secondary elements. The pathlcngth for iron is defined at low

• : ' . Table. Ill - Cosmic ray pathlcngth s
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energy from the secondary elements scandium to manganese, at high
energy by the abundances of scandium to chromium. The errors given
are strictly from the errors in the measured abundances .of the
secondary elements, the cross sections are assumed to be exact.
The consistency is better if we assume that Bc^ has decayed into
boron during propagation. The palhlcnglh oblaincd for boron js consist-
ently larger than that of other secondary components. An intriguing
explanation would be that boron was present in the source at the level
of a few percent of oxygen. However the cross sections used are
probably not accurate enough to give an answer for an eventual boron
abundance in the cosmic rays at the soxirce, to better than a few
percent, nor even to decide from cosmic ray elemental abundances
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whether Be10 has decayed or not (Yiou and IXaisbccfc, 1973). The path-
length used for the source calculation is determined as the one thai
makes the abundance of boron -\- beryllium equal to r.ero. 3t is thus
independent of whether Be^ has decayed or not.

• *

The source composition at high energy is' quite similar to the
one obtained at lower energies. For most elements the difference is
smaller than oiie sigma, ignoring the errors on the low energy source.
The iron/oxygen ratio at the source is measured to be the same at
high and low energy. V/c note that the iron spectrum measured by
Balasubrahmanyan and Ormes (1973) agrees perfectly with the measure-
ments of Juliusson (197-1) both in intensity .and spectral slope (Juliusson,
1975). These measurements do therefore not change the conclusion, that
a change of the iron to oxygen ratio in the cosmic ray source with
energy is at most a small one.

The abundances at the source of the elements magnesium, -
aluminium, argon and vanadium differ slightly as high and low energy,
but we do not consider these differences significant. The only elements
for which the high energy source value differ more than two sigma
from the value given at low energy arc nitrogen and carbon. The
difference for nitrogen is small and could be due to statistics. The
difference for carbon is larger and the value obtained at high energy
is inconsistent with the value given at low energy. It is conceivable
that the destruction cross sections for oxygen and carbon deviate
significantly from (l), and that the measurements are consistent with
a constant C/O ratio at the soxirce for all energies. However the C/O
ratio in the cosmic ray source must then be below or close to the
value that we obtétin at 50 GcY/n for all energies.

In order to study jn more detail the source abundances of carbon,
nitrogen and iron at different energies, we have calculated the source
composition for individual datapoints from Juliusson (1974), Smith et al.
(1973) and V»'libber (1973). Figure 1 shows the pathlength needed to make
the: beryllium plus boron abundances in the source equal to KCYO. The

' line shown is the best • • ;
T i r~J~i i i i| «power law fit to thcs

data in Table II.
j. Œ r -0.49 1 0.05 'X « J,T

•Propagation errors,
which arc not
included in fig. 1,
could change the
palhlcngth, but they
do not affect the
significance of its
energy dependence.
Whether the decrease
in pathlength
continues beyond
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Fig. 1. Pathlengih traversed by the cosmic ray»
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50' GcV/nuclcon,
cannot be answered by.
(he present «.lain. For
the calculations in this
paper \vc include 35$
helium (per mass) in
the interstellar medium.
That docs not significant-
ly change the source
composition but results
in an increase of the
pathlengths by about
15%.

Fig. 2 shows
the measured source
abundances of carbon/
oxygen, nitrogen/oxygen
and the iron group
(Fc -I- Ni) as a function
of energy. The individual
datapoinls support the

•conclusion reached from
TaMc 11, that the C/O
and N/O ratios vary
with energy while Fe/O .
is constant. The errors
on the low energy, points
arc unrealistic however
since they do not include

•propagation errors.
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.Fig. ?.. Relative soxircc abundances of the
cosmic rays.

The lines in fig, 2 are a best powcrlaw fit to the data in Table II.
They correspond to a difference in spectral index of'0.08 between carbon
and oxygen and a difference of 0.16 between nitrogen and oxygen.
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