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Consideration is given to the relative intensities of muon-poor extensive air showers
observed at mountain altitudes and at sea level. It is shown that the available results to
date do not support the earlier hypothesis that primary gamma rays are responsible,
and instead, a process involving charged primary cosmic rays is indicated.

Observations on extensive air showers (EAS)
over a number of years at Lodz, Paris, ' ' and
Chacaltaya' ' have shown the existence of a dis-
tinct class of air showers containing a deficit of
muons. Two alternative explanations have been
put forward —that the showers are due to energet-

ic primary gamma rays (E = 10"-10"eP) or
~

y
that they come from the interactions of primary
charged particles.

The arguments so far' have favored the prima-
ry-gamma-ray hypothesis but we present in this
note considerations which suggest the reverse,
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that is, that the muon-poor showers are due to
the nuclear interactions of charged primaries in
the atmosphere.

The impetus for the present work was the anal-
ysis by Bergeson et al. ' in which an attempt was
made to develop a coherent cosmic-ray model
based on "direct" muon production. In this work
the authors are able to account for a number of
phenomena, among them the existence of muon-

poor HAS, the suggestion being that they result
from energetic electrons which in turn come
from the decay of massive particles generated in
the collisions of primary cosmic rays with air
nuclei. The quote the results on the absolute fre-
quencies of showers recorded at Lodz' ' and
Chacaltaya' ' and show that the latter agrees
well with expectation whereas the Lodz intensity
is too high by a factor approaching 10. However,
the intensities plotted are those quoted by the re-
spective authors on the assumption that the show-
ers are induced by primary gamma rays and it
is necessary to correct the energy scale if they
are in fact generated in the atmosphere by prima-
ry nuclei. When a correction is applied, the
Lodz intensity is displaced to lower energy
whereas the Chacaltaya point is virtually unal-
tered (the showers recorded at Chacaltaya are at
near maximum development), and the result is
that both intensities are close to expectation.

In what follows a more detailed analysis of the
problem is given. Calculations have been per-
formed of the expected frequency of detection of
muon-poor showers above a certain size as a
function of depth in the atmosphere both for pri-
mary gamma rays and for primary nuclei under
the assumption that both energy spectra have the
same shape (the shape of the conventional prima-
ry cosmic-ray spectrum). Allowance has been
made in the calculations for the effect of fluctua-
tions in development and consideration has also
been given to the change in the angular distribu-
tion of the showers with increasing depth. The
results for the frequency of showers above a
fixed size N are shown in Fig. 1, where the ratio
of the predicted frequency at Lodz (near sea lev-
el) to that at Chacaltaya (550 g/cm' below the top
of the atmosphere) is given as a function of N

It is clear that there is a significant difference
between the ratios predicted for the alternative
assumptions about the primary particles and a
distinction should be possible by recourse to ob-
servations at the two locations. The data report-
ed so far' ' refer to different threshold sizes,
but by interpolation of the Chacaltaya data the
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FIG. 1. Relative frequency of muon-poor EAS (Lodz/
Chacaltaya) as a function of threshold shower size ¹

frequency for N = 1.4x 10' (the threshold size re-
corded by the Lodz array) has been determined.
The Chacaltaya intensity is estimated to be about
3x10 "cm ' sec ' sr ', and the corresponding
primary energy is about 1.5x 10'4 eV if the show-
ers are initiated either by primary y rays or by
electrons arising from nuclear interactions of
primary protons in the atmosphere (in the latter
case the energy quoted refers to the energy of
the initiating electron). The Lodz intensity for
the same threshold size is (6+',)x10 "cm
sec ' sr ', the corresponding primary energies
are approximately 8x 10'~ eV (primary gamma
rays) and 4x 10'4 eV (nuclear interactions).

In deriving the expected frequencies of detec-
tion, and their ratio, allowance has been made
for the different angular distributions at the two
locations. The resulting ratio is shown in Fig. 1.
Although experimental shortcomings make the un-
certainty in the ratio rather large, it is clear
from Fig. 1 that it is inconsistent with the prima-
ries being gamma rays. This conclusion is
strengthened when it is realized that if, as would
be more likely, the primary gamma spectrum
had a steeper slope than that of the charged parti-
cles, then the curve for the case of primary gam-
ma rays would be depressed. Conversely, if the
showers are generated by a nuclear process, the
cross section of which is rising with increasing
energy, the expected Lodz-Chacaltaya ratio will
be higher than that drawn in Fig. 1 in better
agreement with experiment.

Taking the results presented here alone, it is
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possible to devise a mechanism responsible for
the muon-poor showers in terms of nuclear in-
teractions with occasional large values of K„o,
the fraction of energy going into m' mesons. How-
ever, very recent experimental results reported
by some of us, ' which show an angular distribu-
tion flatter than that of normal showers, are
very difficult to explain in this way but are more
easily interpreted in terms of a "Utah-type"
mechanism. In this interpretation a heavy inter-
mediate particle which has a comparatively long
lifetime (of the order of 10 9 sec) and which has
a significant branching ratio for producing a de-
cay electron is required. With reference to the
present results it is interesting to note that this
mechanism would also give rise to a variation of
the relative intensity with N higher than that
shown for "primary nuclei" in Fig. 1 and there-
fore more in accordance with observation.

With such a long-lived particle the detected
muon-poor showers would all be near maximum
development at both locations and the ratio of
frequencies would be higher than that shown for
"primary nuclei" in Fig. 1, in better agreement
with observation.

At this stage, however, it should be stressed
that neither the precision of the experimental re-
sults nor the range of theoretical possibilities
examined is great enough for us to be dogmatic
in confirming a "Utah-type" mechanism.
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