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A new method is proposed for studying the chemical composition of the primary
cosmic radiation. In this method the flux of high-energy muons and the intensity
of the Cerenkov radiation of extensive air showers would be measured
simultaneously, and the shape of the Cerenkov pulse would be used to fix the
shower maximum.

PACS numbers: 94.40.Lx, 94.40.Te, 94.40.Pa

The chemical composition of the primary cosmic radiation at energies above 10*°
eV is one of the most important questions in cosmic-ray physics today, but it can be
studied only indirectly, through a study of extensive air showers (EAS). The exponent
a in the expression N, ~E¢, which gives the number of muons in the EAS (V,) as a
function of the primary energy (E,), is known to be strictly less than unity. The par-
ticular value of @ for a given muon energy threshold ranges from 0.7 to 0.9, depending
on the model used for the EAS evolution.

In a first approximation (the superposition model), a primary nucleus with mass
number 4 will cause 4 showers, each with a primary energy E,/A4. In the superposi-
tion model, therefore, the number of muons N,, in an EAS caused by nucleus 4 is
N, ~A(Ey/A)~A"'*=A4° (if we assume a = 0.8.). Calculations show that this
behavior remains the same even when the nucleus—nucleus interaction is examined in
more detail. A characteristic more sensitive to the nucleus—nucleus interaction is the A
dependence of the relative fluctuations in the number N, for a fixed primary energy. !
According to the superposition model, for example, the fluctuations vary in propor-
tion to 4 ~°°, while the fragmentation model' predicts 4 ~°°.

We would like to keep the fluctuations in &, as small as possible so that we can
resolve the peaks in the N, distribution corresponding to different groups of nuclei.
One possibility might be to study the N, distribution for a fixed number of electrons,
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N,, in showers at sea level, since the fluctuations in N, for a fixed N, are extremely
large, although the fluctuations in N, at a fixed E, are only 10-12%, even for protons.
A rather broad E, distribution corresponds to a given value of N, (for primary pro-
tons), so that the fluctuations in N, at a fixed N, reach a level of about 50%. It would
be much better to study the &, distribution of showers at a fixed primary energy E,
(Ref. 2; E, can be fixed by measuring the Cerenkov radiation, whose intensity Q is
proportional to E; at sea level).

In this letter we wish to propose another method for studying the chemical com-
position of the primary rays, based on measurement of not only E, and N, (the prima-
ry energy for the EAS and the number of muons in it) but also the position of the EAS
maximum. An effective method for determining the position of this maximum from
the shape of the Cerenkov-radiation pulse has been proposed by Fomin and Khristian-
sen’ and has now been adopted widely.* As it turns out, fixing E, and x,,, (the
position of the maximum) reduces the relative fluctuations in &, while having essen-
tially no effect on a (in the expression N, ~E¢). It therefore becomes easier to resolve
different groups of nuclei.

Figures 1 and 2 show the results calculated for the predicted N, distributions
(> 10 GeV) for E, = 10"7 eV and for two x,,,, intervals: from 600 to 700 g/cm” and
from 650 to 750 g/cm>. In these calculations we assumed the primary-radiation chemi-
cal composition given by Simon®: 38% p, 17% a, 16% CNO, 17% Z = 10-16, 3%
Z = 17-24, and 9% Z>25; the exponent is ¢ = 0.8, and the error in the determination
of N, is 5%, as is that in the determination of E,. We see that the peaks corresponding
to protons, a particles, and heavier nuclei are resolved. The relative heights of the
peaks are determined by the fixed x,,, interval. In using this method in practice we
might determine the muon flux density and the Cerenkov intensity. Calculations show
that the fluctuations in the muon number density decrease with distance from the
shower axis, reaching ~3% at a distance ~ 100 m; the fluctuations in the Cerenkov
intensity at a distance ~ 300 m are on the order of 5%. Interestingly, the exponent a
also decreases (to 0.75). Since the fluctuations drop to an even lower level if we also fix
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FIG. 1. N, distribution in extensive air showers with a fixed primary energy, E, = 10'7 ¢V, and with a
shower maximum in the interval x_,, = 600-700 g/cm?>
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FIG. 2. The same as in Fig. 1, for x,,,, = 650-750 g/cm?.

the position of the shower maximum, we conclude that in practice the accuracy with
which N, and Q are determined depends on the accuracy with which the position of
the shower axis and the detector area are determined. Recent refinements in EAS
apparatus® (the sensitive areas have been increased, and the accuracy has been im-
proved) give us a solid practical basis for arguing that the accuracy which we have
assumed here for the N, and Q measurements can actually be achieved. 2 With accu-
rate measurements, we can thus take the value of &, in a study of showers with a fixed
primary energy and a fixed position of the maximum as a good measure of the atomic
number of the primary particle causing the EAS. By gradually varying x,,,, we should
be able to find consistent data for the chemical composition of the primary radiation
causing showers with maxima at different positions. By integrating over x,,,, we
would obtain data for the chemical composition of the primary radiation at a fixed E,,.

We wish to thank G. B. Zhdanov for a useful discussion.

""The square root of the dispersion of a quantity, divided by its mean value, is taken as a measure of the
relative fluctuations.

?In principle, the values of E, and x,,,, could be found by measuring the electric field E at various distances
r from the EAS axis.” The modulus of the field vector is proportional to the primary energy, IE | ~E, and
the profile E(r) is determined by the position of the maximum. This method has the advantage that
measurements can be carried out around the clock, whereas Cerenkov radiation can be measured only on
clear, moonless nights.
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