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Observation on the Elemental Abundances of Low-Energy
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In a sounding rocket experiment Qown at Fort Churchill, Manitoba in July 1964, nuclear emulsion de-
tectors were used to study the composition and Ruxes of primary cosmic-ray nuclei with charge Z&3 above
the atmosphere in the region of kinetic energy from 40 to 200 MeV/nucleon. The results show a flux ratio
for light (3&Z&5) to medium (6&Z&9) nuclei of 0.16&0.07 in the 40- to 100-MeV/nucleon region and a
ratio for heavy (Z& 10) to medium nuclei of 0.42&0.11 in the 70- to 160-MeV/nucleon interval. The ele-
mental structure of the medium nuclei is found to contain (40&7)% carbon, (10 s+')oft nitrogen, and
(48&7)% oxygen. Extrapolating the fluxes back through approximately 2.5 g/cm' of interstellar hydrogen
to the source, one Gnds a Qux of nitrogen consistent with zero.

I. INTRODUCTION

'UCH of our present understanding of the origin
~ ~ of cosmic rays and their propagation through

interstellar space results from the study of the abund-
ances of multiply charged nuclei in the cosmic-ray Aux
at kinetic energies above a few hundred MeV/nucleon. ' '
It is of particular interest to examine ratios of the
fluxes of the different heavy nuclei (having approxi-
mately equal charge to mass ratio) since such flux
ratios are insensitive at all energies to the somewhat
poorly understood modulation mechanisms which affect
the cruxes themselves. The Aux ratios in the energy
region below 200 MeV/nucleon should be sensitive to
the amount of interstellar material traversed, owing to
the differing energy-loss rates of the particles of dif-
ferent charge, in a way which depends upon the energy
spectra of the particles at their source.

The existence of a measurable Qux of heavy nuclei
in the 20-200-MeV/nucleon range was demonstrated
in a September 1963 sounding rocket experiment Gown
at Ft. Churchill, Manitoba using large sheets of nuclear
emulsion as a detector. ' The experiment reported herein

'W. R. Webber, Handblch der Physik, edited by S. Flugge
{Springer-Verlag, Berlin, 1966), Vol. 46.

2Proceedings of the International Conference on Cosmic Rays,
Jaipur, India (Commercial Printing Press, Ltd. , Bombay, India,
1963).' Proceedhngs of the Nsnth Internatt'onat Conference on Cosmic
I/ays (The Institute of Physics and the Physical Society, London,
1966).

4 C. E. Fichtel, D. E. Guss, and K. A. Neelakantan, Phys. Rev.
138, B732 (1965).
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was flown in June 1964 using an improved version of
the original apparatus to extend the range of measure-
ments to all charges Z&3 and to unambiguously isolate
only those particles of primary origin.

An additional advantage of a sounding rocket ob-
servation of cosmic radiation not shared by balloon-
borne experiments is that the observed composition is
entirely free from secondary particles produced in inter-
actions in the atmosphere. Though corrections for such
interactions may be applied to the gross charge groups
commonly investigated, the partial cross sections for
interaction in air are not known on an element by
element basis with sufhcient precision to determine the
detailed elemental composition of the cosmic radiation
at the top of the atmosphere. Knowledge of the detailed
charge structure of cosmic rays may provide additional
information about the source and interstellar propaga-
tion of the radiation.

II. EXPERIMENTAL PROCEDURE

The nuclear emulsion detectors used in this experi-
ment were stacks of 600 @&6.3 cm)&29 cm Ilford G.5
pellicles with 18 pellicles per stack. The stacks were
arranged in 3 trays which could be extended at a 17.5'
angle with respect to the skin of the Aerobee 150
rocket with 2 stacks per tray. The trays were kept
inside the payload until the sounding rocket had left
the atmosphere, at which time they were extended. As
the trays were extended, the top pellicle of each stack
was displaced by 1 cm so that subsequent matching of
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FIG. 1. Scatter plot of

particle charges determined
by the method described in
the text using the measure-
ments of thoro different ob-
servers. Note that all tracks
accepted are represented
here so that the energy or
rigidity interval is a func-
tion of charge. Particles
~vith a measured charge
less than 2.5 have been
suppressed.
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the tracks would allow the isolation of those which
entered during the exposure. The exposure lasted about
350 seconds, after which the trays were retracted and
the top plate of each stack was restored to its initial
position in preparation for re-entry into the atmosphere.
Extension and retraction each took about 7 secs. The
tota, l amount of material above the top emulsion was
0.091 g/cm' (emulsion equivalent).

After processing, the top plate of each stack was area
scanned for the tracks of a,ll particles entering its sur-
face within the dip angle ((65 ) and ionization criteria.
The minimum ionization accepted was set suKciently
low to insure that all Z= 3 tracks would be selected and
in practice this meant over half of the alpha particles
were also included in the preliminary selection. These
tracks were then followed into the stack and all tracks
which failed to follow (i.e. , were displaced by I cm with
respect to the top pellicle) or failed to stop in the sta, ck
were rejected.

Charges of the particles were determined from delta-
ray counting. If n&(R) is the number of delta rays per
unit length a distance E from the track ending, then a
plot of logXq=log Josey(R)dR versus log R for a given
track produces a, curve whose shape does not change
with the charge (or mass) of the particle if one neglects
the small effect of range extension ca,used by charge

pickup. For particles of the same charge to ma, ss ra, tio
one may write

loglVq —logZ =F(logR+ logZ)

so that curves for particles of different charge are
displaced diagonally from each other by the logarithm
of their charge ratio. All charge identifications in this
experiment were made using this technique. Delta rays
were counted using a parallel-line reticle in the micro-
scope and counting the rays which appeared to extend
beyond the lines on either side of a tra, ck that was
centered on a, central line. A count using a narrow line
spacing was first made to separate the alpha particles
from the higher charges of interest. The narrow line
sparing required that the delta rays extend at least
1.8 p from the center of the track. At least two inde-
pendent counts were then made for each heavy track
using a wider line spacing which selected delta rays
extending at least 4.3 p. This spacing was more con-
venient for counting the heavier tracks. Owing par-
tially to difficulties in counting the high delta-ray densi-
ties of the heavier tracks and partially to the effects of
range extension mentioned previously, charges of the
highly charged particles are underestimated by our
method of analysis. To correct for these effects a "satu-
ration" correction was applied which increased the
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measured charges by an amount which varied from a
few percent at charge 10 to about 20% at charge 26.
The results and conclusion of this paper are relatively
insensitive to the detailed nature of this kind of
correction.

Figure 1 is a comparison of the charges of the par-
ticles accepted as determined by two different observers
and indicates the charge resolution obtained.

The solid-angle considerations of this experiment are
similar to those previously reported except that all
particles with arrival directions making an angle of
greater than 90 with respect to the magnetic field
direction were excluded. These particles would be com-
ing from below the rocket and might have resulted from
interactions in the atmosphere. The probability of
stopping a given particle is a function of its range in
the detector, and an efIiciency factor, as a function of
range, can be compiled from geometrical considerations.
This function is essentially flat for ranges from 2 to 12
mm, a lower limit of slightly over 1 mm being set by
the requirement that particles enter the second plate
in order to insure their arrival when the rocket was out-
side the atmosphere. The efficiency function used was
found by numerically integrating n dAdQ over the
allowed area and solid angle for a given particle range
where n is the particle arrival direction. For particles
of intermediate ranges the total allowed area-solid-
angle factor was 1680 cm' sr. The upper limit on the
energy was determined by the condition that the collec-
tion efficiency be greater than 20%%u~ of the maximum
value possible i.e., that the range be less than about
2.5 cm.

Scanning efficiency was determined by a rescan of
approximately 25%%uq of the total area and was found to
be between 96 and 99% for the different observers.
Considerable effort was made in the original scan to
insure that there be no bias against the light nuclei as
evidenced by the large number of 8= 2 nuclei included
in the original sample. No additional light nuclei were
located in the rescan and there is no evidence of a charge
dependent scanning efficiency. Angular distributions
were also searched unsuccessfully for evidence of scan-
ning bias.

I I I I I I I

Fro. 2. Di8eren-
tial fluxes of light
(3&Z& 5), medium
(6&Z&9) and heavy
(Z& 10) nuclei in
July 1964. Solid
curves are the a-
particle Quxes for
the same period (see
text) multiplied by
0.070 and 0.027 for
comparison with the
3f and H nuclei,
respectively.
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B. Elemental Structure

Even a casual observation of Fig. 1 reveals consider-
ably finer structure in the charge spectrum than that
described by the charge groups discussed above. The
elemental structure of the flux of medium nuclei be-

Tax.E I. Observed particle ratios.

the high-energy Aux ratios, 0.070 and 0.027, respec-
tively. No n-particle data taken in July 1964 have been
reported for energies below 100 MeV/nucleon, and the
curves in this energy region have been obtained by an
appropriate averages of data taken before and after
this period. "

Ratios of fluxes of various constituent charge groups
are shown in Table I together with the energy interval
from which they are taken.

The theoretical implications of these ratios when
compared with their higher energy values are of con-
siderable interest and will be discussed in a subsequent
paper.

III. RESULTS AND DISCUSSION

A. General Features

Differential fluxes of the light L, medium M, and
heavy H, nuclei collected into 30 MeV/nucleon energy
bins are shown in Fig. 2. For comparison with the dif-
ferential flux values of the 3f and H nuclei, we also
show the smoothed n-particle spectra' multiplied by

' C. E. Fichtel, N. Durgaprasad, and D. E. Guss, in Proceedings
of the Ninth International Conference on Cosmic Rays (The Insti-
tute of Physics and the Physical Society, London, 1966), Vol.
1, p. 371.

C. J. Waddington and P. S. 1'reier, in Proceedings of ahe
ninth International Conference on Cosmic Rays (The Institute

Charge group

L/ 3E
(10&Z&15)/M
(16&Z& 19)/t'M

(Z&20)/M
Il/3I

Ratio

0.16+0.07
0.29+0.09
0.02+0.02
0.11~0.05
0.42+0.11

Energy interval
(MeV/nucleon)

40-100
70—160
70-160
70-160
70—160

of Physics and the Physical Society, London, 1966), Vol. 1,
p. 339.

7 C. Y. Fan, G. Gloeckler, and J. A. Simpson, J. Geophys. Res.
70, 3515 (1965).' C. Y. Fan, G. Gloeckler, and J. A. Simpson, Proceedings of
the Ninth International Conference on Cosmic Rays (The Institute
of Physics and the Physical Society, London, 1966), Vol.
p. 380.,
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TABLE II. Composition of the flux of medium nuclei.

Element

Cosmic-ray abundance (this work)
At source

At earth (2.5 g/cm') Cameron' Suess and Urey

"Universal abundance"
Solar cosmic-ray

abun dances'

C
N
0
F

40~7/o
10 +4

48~7
2&2

~38
0

0

25.3'
6.5

68.1
0.004

11.2~/
20.9
67.9
0.005

33~4'Fo
11,+'
56~7

(2

a Reference 9. b Reference 10. & Reference 11.

tween. 40 and 160 MeV/nucleon is shown in Table II
along with the "universal'" "and solar" abundances.

It is of interest that data reported from balloon-
borne observations of higher energy cosmic rays indi-
cate a richer nitrogen content than that reported here,
while the OGO-I satellite experiments"" Gown more
recently confirm our result of N/(C+N+O)~10%.
Even though there are many experiments at high en-

ergies which give higher values, some care must be
exercised in drawing conclusions about the energy de-
pendence of this ratio since there are several effects
that might enhance the observed nitrogen abunda, nce.
Not the least consideration is the charge resolution
obtained. Many of the balloon experiments were de-

signed only to resolve charge groups and any broadening
of the neighboring carbon and oxygen charge distribu-
tions could enhance the apparent number of nitrogen
nuclei if not carefully eliminated. Further, the inter-
action of all nuclei with Z&8 in the residual atmosphere
above a balloon would enhance the abundance of N
and C in a poorly known way, this effect being aggra-
vated by particles collected during ascent of the balloon
in many experiments. Experiments with high charge
resolution such as those of Balasubrahmanyan and
McDonald'4 and of O'Dell et al." each find N/
(C+H+N) 16%, though these experiments may still
suffer from effects of the overlaying atmosphere.

Turning attention to the nuclei of even charge one
can see from Table II that the 0/C ratio of 1.2&0.3 is
still considerably smaller than the ratio from universal
abundances but is consistent with solar abundances
within statistics. Again our data are consistent with the
OGO —I results, but apparently inconsistent with the
ratios obtained in balloon experiments which typically
give 0.64."As in the ca,se of the nitrogen abundance it

' A. G. W. Cameron, Astrophys. J. 129, 676 (1959).
' H. E. Suess and H. C. Urey, Rev. Mod. Phys. 28, 53 (1956),"S. Biswas and C. E. Fichtel, Astrophys. J. 139, 941 (1964).
"V. K. Balasubrahmanyan, D. E. Hagge, G. H. Ludwig, and

F. B. McDonald, in Proceedings of the Ãirlth International Con-
ference on Cosmic Rays (The Institute of Physics and the Physi-
cal Society, London, 1966), Vol. 1, p. 427."G. M. Comstock, C. Y. I'an, and J.A. Simpson, in Proceedhngs
of the cVimth Interstatiostat Conference ott Cosmic Rays (The Insti-
tute of Physi. cs and the Physical Society, London, 1966), Vol. 1,
p. 383.

'4 V. K. Balasubrahmanyan and F. B. McDonald, J. Geophys.
Res. 69, 3289 (1964)."F.W. O'Dell, M. M. Shapiro, and B. Stiller, $. Phys. Soc.
Japan 17, Suppl. AlIT, 23 (1962).

remains to be proven that the discrepancy cannot
result from fragmentation in the overlying atmosphere.
One could, in principle, observe the effect of fragmenta-
tion in the atmosphere by comparing balloon results
from different altitudes, but attempts to do so are
frustrated by varying degrees of charge resolution and
often by the presence of particles collected during
ascent.

Above charge 9 we find the composition is char-
a,cterized by the absence of nuclei of odd charge, with
evidence of a higher proportion of Mg relative to Ne
and Si when represented in terms of energy per nucleon
though both statistics and charge resolution are poorer
here than for the medium charge group. In addition to
the well-known lack of particles of charges 15 to 19, we
also see a gap between the two abundance peaks around
charges 20 and 26. This gap is entirely consistent with
universal abundances as are the low cruxes of odd-
charged nuclei.

The principal motivation for studying the composi-
tion of the cosmic radiation is to learn as much a,s
possible of the elemental composition of the source,
and thereby to identify it and to study the processes
of nucleogenesis in it. There is now considerable evi-
dence' that the cosmic rays pass through 2 to 3 g/cm'
of interstellar material before arriving at ea,rth, and one
would like to account for the effects of this material on
the composition. Data on the reaction cross sections for
protons (interstellar material) incident on various
nuclei have been summarized by Badhwar et ul. ,

"' and
we have used these data to estimate the abundances of
elements, particularly C, N, and 0, at the source. The
results of these calculations are shown in Table II, the
most significant feature being the disappearance of the
nitrogen on extrapolating backward through about 2.5
g/cm' of hydrogen. This effect results primarily from
the fact that about half of the inelastic cross section for
oxygen-proton reactions leads to nitrogen as a stable
product. The relative abundances of the different species
of medium nuclei are affected only very slightly by
differing energy loss rates and given similar source
spectra an energy-dependent composition can only be
generated by assuming energy-dependent cross sections

"G. D. Badhwar, R. R. Daniel, and B. Vijayakshmi, Progr.
Theoret. Phys. (Kyoto} 28, 607 (1962}.

"G. D. Badhwar and R. R. Daniel, Progr. Theoret. Phys.
(Kyoto) 30, 615 (1962).
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for the production of C and N from O. Though incom-
plete, the existing measurements of similar reactions
show no striking energy dependence or, if anything, an
energy dependence which might be expected to increase
the nitrogen production at low energies. If the frag-
mentation parameters are assumed to have their high-
energy values and if the abundances measured in the
low-energy experiments do refIect the cosmic-ray com-
position outside the atmosphere more correctly than do
the balloon experiments, then we are left with the
conclusions that the source might be almost entirely
devoid of nuclei of odd charge with Z&3 and that the
abundance of N, like the abundances of I,i, Be, and 8,
might be used as a measure of interstellar path length.
In stating this result we would caution, however, that
the measurement errors are sufFiciently large that a
source composition with abundances of medium nuclei
similar to those given by Cameron cannot be excluded
entirely.

IV. CONCLUSIONS

In conclusion, we find that the L/iV ratio has at-
tained the low value of 0.16+0.07 in the 40 to 100
MeV/nucleon region while the H/M ratio has a value

similar to that found at higher energies.
A detailed examination of the cosmic-ray cha, rge

structure shows a nitrogen abundance which is not
inconsistent with that which would result from frag-
mentation of the observed Z&8 nuclei in passing
through 2.5 g/cm' of hydrogen. The ratio of the fluxes
of oxygen and carbon nuclei is found to be 1.2~0.3 in
reasonable agreement with satellite measurements in
the vicinity of 100 MeV/nucleon but in disagreement
with the much lower value found at high energies in
balloon experiments. It is not at all clear whether this
disagreement results from an energy dependence of
unknown origin or from the effect of the residual atmos-
phere above the balloons.
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Source Spectra and Composition of Cosmic Rays Implied by an
Analysis of Interstellar and Interplanetary Travel

C. E. FICHTEL AND D. V. REAMES

Goddard Space Flight Center, Greenbelt, Maryland

(Received 12 May 1966)

The implications of a simple set of assumptions related to galactic cosmic rays are examined and compared
with the existing data. These assumptions are that (a) the multiply charged cosmic-ray nuclei all have the
same spectral shape at the source, (b) the relative abundances of He' and light nuclei (3&2&5) are negligible
at the source, and (c) the average amount of interstellar material traversed is independent of particle energy.
The results show that within the present uncertainties of the experimental data and of the interaction cross
sections, the data agree with the predictions without additional assumptions if the differential source spectra
are relatively fiat at low energies and the average interstellar path is 2.8+0.4 g/cm . In particular, the
nearly constant relative abundances of the helium, medium (6&Z&9), and (Z&10) nuclei for different
values of energy/nucleon can be explained, and the observed variation of the flux ratio of light to medium
nuclei with energy/nucleon can be brought into fair agreement with predictions. The calculations also imply
that, if the analysis does represent the true situation, then there is little or no solar modulation of the cosmic
rays near solar minimum, and protons and helium nuclei have different source spectra.

I. INTRODUCTION

~HE cosmic-ray energy spectra which are observed
at the earth represent the source spectra after

they have passed through interstellar matter and have
been modulated within the solar system. Whereas
presumably the sola, r-system modulation is primarily
the result of electromagnetic fields, interstellar space is
believed to contain enough material along the path of
the particle to change appreciably the particle energy as
well as the intensity of the radiation. Xn the latter case,
it is normaIly assumed that the intensity in an energy
interval is changed significantly only by fragmentation
in interactions and by ionization loss, and not by
a,cceleration nor by the complicated time-dependent

magnetic effects which probably cause the intensity
variation in the solar system.

If the acceleration in interstellar space is negligible,
it is possible to calculate the energy dependence of the
relative abundances of various particle groups outside
the solar system, assuming various source spectra,
provided the cross section in interstellar space and the
amount of material traversed are sufFiciently well
known. The exact nature of the solar modulation is
not yet known, but the general belief is that it probably
depends only on the velocity and charge-to-mass ratio
of the particle. Therefore, although nuclei of the same
charge-to-mass ratio but different charges will lose
energy at different rates in interstellar space, the fhlxes


