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Abstract—Multidimensional Bayesian classification criteria are proposed for groups of nuclei of primary
cosmic rays based on characteristics of spatial—angular distribution of Cherenkov light of extensive air show-
ers. These criteria allow us in principle to separate no less than 50—60% of the primary protons from heavier
nuclei; the classification errors for primary protons and groups of nitrogen and iron nuclei total no more than
several per cent. New parameters that substantially improve the separability of classes of showers are also

found for angular images of Cherenkov light.
DOI: 10.3103/S1062873811030166

INTRODUCTION

The problem of nuclear composition of primary
cosmic rays with superhigh energies (>10' eV) is at
present far from finally being solved. In the region of
the spectrum knee (10'°—10'° eV) [1—6], at the higher
energies of the second knee (10'7—10'% eV) [7, 8], and
in the region of ultra high energies (10'°—10% eV) [9,
10], no reliable data on the shape of the partial spectra
of different groups of nuclei of primary cosmic rays
(PCRs) have been obtained, and there is no com-
monly accepted result for the dependence of the PCR
mean mass number on energy. Predictions of the
nuclear composition of PCRs are often the most pro-
nounced features of different models for the accelera-
tion and propagation of cosmic rays at superhigh ener-
gies [7, 8, 11]. The search for what lies behind the dis-
crepancy between the results of different experimental
groups is therefore especially topical.

There are substantial differences between the
results from measurements performed using similar
methods, e.g., the values of the mean mass number (4)
according to the data on the electronic—muonic com-
ponent of a shower [1, 2], and the results from several
Cherenkov facilities [3—6]. The difference between
(A) measured by different Cherenkov facilities exceeds
considerably the discrepancy between groups working
on the charged component of the shower.

This work continues our investigations of the sensi-
tivity of the characteristics of EAS Cherenkov light to
mass composition aimed at developing criteria for the
individual classification of showers generated by PCR
nuclei with different mass numbers. The spatial—
angular distribution of EAS Cherenkov light, one of
the most informative shower characteristics, is used to

construct a method for classifying groups of PCR
nuclei. Previous works that studied the spatial—angu-
lar distribution of EAS Cherenkov light demonstrated
a moderate resolving capability with respect to the
mass number [12] comparable to that of criteria based
solely on the lateral distribution of Cherenkov light
[13, 14]; i.e., they found no specific advantages in
using the spatial—angular distribution of EAS Cheren-
kov light.

CALCULATION AND CLASSIFICATION
METHODS

The sample of artificial EAS Cherenkov light used
in this study was calculated by full statistical simula-
tion using the CORSIKA 6.500 code [15] and the
QGSIJET-II [16]/GHEISHA [17] nuclear interaction
model. Details of the simulation procedure are given
in [18]. The sample volume was 500 events, and the
primary energy of all events was 1 PeV. Of these events,
250 corresponded to an observation altitude of 1 km
above sea level; the other 250 events, to 4 km a.s.l. Fifty
events from primary protons, helium, nitrogen, and
iron nuclei were calculated for each of these altitudes.
Another 50 showers initiated by sulfur nuclei were
considered for an observation level of 1 km, along with
50 events from calcium nuclei for 4 km.

To separate the groups of nuclei, we must deter-
mine the so-called feature vector consisting of charac-
teristics of the spatial—angular distribution of EAS
Cherenkov light, which is then supplied to the input of
the classification procedure. The most traditional
approach [12] is that the spot of the angular distribu-
tion of EAS Cherenkov light is characterized by [19,
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Table 1. Results from the multidimensional classification for primary energy 1 PeV and observation levels (left) 1 km and

(right) 4 km
P h n s f p h n c f
V4 0.74 0.26 0.00 0.00 0.00 Y4 0.70 0.28 0.02 0.00 0.00
h 0.02 0.90 0.06 0.02 0.00 h 0.00 0.94 0.06 0.00 0.00
n 0.00 0.06 0.92 0.02 0.00 n 0.00 0.06 0.92 0.00 0.02
s 0.00 0.00 0.04 0.90 0.06 c 0.00 0.00 0.00 0.92 0.08
f 0.00 0.00 0.00 0.00 1.00 f 0.00 0.00 0.00 0.14 0.86

20] D (the angular distance from the direction of the
primary particle to the center of gravity of the image),
L (the mean square half-length of the image), W (the
mean square half-width of the image), and Conc (an
image concentration equal to the ratio of the sum of
the signal at two maximal cells and the integral image
intensity).

The Bayesian approach was used to separate groups
of PCR nuclei under the assumption that there was a
multidimensional normal distribution of features [21].
The classes of objects correspond to the types of pri-
mary nuclei (in this work, the number of classes
M =5), and the teaching sample represents the set
of shower feature vectors from the set of model
events. The classification procedure is described in
detail in [18].

CRITERIA BASED ON HILLAS PARAMETERS

We analyzed the criteria for separating nuclei of five
types, based on combinations of the parameters (D, L,
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Schematic diagram for selecting integration boundaries.
The integral over the horizontal band of the angular distri-
bution of EAS Cherenkov light is displaced along the ordi-
nate axis (0, is measured in deg). The width of the integra-
tion band is 1.5°.
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W, Conc) measured simultaneously at several fixed
distances from the shower axis: 50, 100, 150, and
200 m. (The dimension of the feature vector is 16.) As
in [12], the values of (D, L, W, Conc) were calculated
using those angular cells of the spatial—angular distri-
bution of Cherenkov light whose signal exceeded
100 photoelectrons, in order to reduce the influence of
signal fluctuations in peripheral regions of the spatial—
angular distribution of Cherenkov light.

The results from separating groups of nuclei with a
feature vector consisting of 16 parameters (D, L, W,
Conc) taken at 4 distances from the shower axis (50,
100, 150, 200 m) is given in Table 1 (left). The altitude
of the observation level was 1 km. Each row gives the
results from recognizing (in fractions of unity) showers
of the type symbolically indicated at the beginning of
the row. The fraction of correctly classified events of a
particular type is given in the main diagonal of the
obtained matrix. In this case, p denotes protons; 4,
helium; #, nitrogen; s, sulfur; and f, iron nuclei. The
numbers in the first row therefore mean that 74% of
the showers from primary protons were classified cor-
rectly, while the remaining 26% were classified as pri-
mary helium nuclei. Those cells of the table that con-
tain zero values correspond to an estimated classifica-
tion error of <2%.

Similar results for an observation level of 4 km are
given in Table 1 (right). We recall that in this case,
EASs initiated by primary calcium nuclei (denoted by
¢) were calculated instead of showers from sulfur
nuclei. Errors in classifying primary protons and
helium and nitrogen nuclei for an observation level of
4 km are comparable to the similar values for 1 km.

CRITERIA BASED ON NEW PARAMETERS

New parameters of the spatial—angular distribution
of EAS Cherenkov light equal to the ratio of integrals
for two bands of Cherenkov light angular distributions
were proposed in [18] (the scheme for selecting the
two variables k and 1 is shown in the figure). In that
work, showers were classified using the two new
parameters at a certain distance from the axis. The
band parameters (there are eight such parameters for
two variables and fixed band width) were chosen based
on phenomenological considerations.
Vol. 75
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Table 2. Results from multidimensional classification with 8 parameters (D, L) for five primary nuclei at primary energy
1 PeV and observation level 1 km (left). On the right are the results from multidimensional classification with 8§ new param-

eters for the same conditions as in the left part of the table

p h n s f p h n s f
)/ 0.48 0.40 0.12 0.00 0.00 )/ 0.68 0.24 0.08 0.00 0.00
h 0.06 0.74 0.20 0.00 0.00 h 0.08 0.68 0.24 0.00 0.00
n 0.02 0.12 0.68 0.12 0.06 n 0.02 0.16 0.52 0.22 0.08
s 0.00 0.04 0.18 0.38 0.40 s 0.00 0.00 0.12 0.62 0.26
f 0.00 0.00 0.08 0.06 0.86 f 0.00 0.00 0.02 0.20 0.78

It was immediately obvious that the two new vari-
ables used in [18] for classifying showers from primary
protons and nitrogen nuclei provide relatively good
(with a classification error of about 10—15%) separa-
tion of showers initiated by primary protons and nitro-
gen and iron nuclei. The same parameters allow us to
separate ~38% of all primary protons with complete
suppression of showers from helium (and heavier)
nuclei, with an accuracy of up to the available figures.

Application of feature vectors with dimensions
higher than 2 enables us to reduce classification errors
further. The question of which method for searching
the set of new variables in order to achieve good sepa-
ration of groups of PCR nuclei then arises. In this
work, we consider the question for the case of separat-
ing protons and helium nuclei; it is shown below that
the separation of other nuclei is not seriously exacer-
bated. An algorithm based on successive optimization
of the fraction of correctly identified proton events at
four distances from the shower axis was used to search
for new variables. Although this method does not lead
to finding the global optimum in multidimensional
parameter space, it does allow the classification error
to be reduced substantially as compared to using lon-
gitudinal Hillas parameters D and L.

The results from classifying with eight D and L
parameters are given in Table 2 (left). The error in clas-
sifying primary protons is 52%. Similar results for the
case of new parameters optimized for the separation of
primary protons are given in Table 2 (right). The error
in classifying primary protons is 32%, i.e., consider-
ably lower than when D and L are used.

CONCLUSIONS

Multidimensional Bayesian criteria for separating
groups of nuclei of primary cosmic rays of superhigh
energies were constructed on the basis of a full statisti-
cal simulation of the spatial—angular distribution of
the Cherenkov light of extensive air showers.

Our method of classification allows us to identify a
considerable (tens of per cent) part of the showers
belonging to each of these groups of nuclei. Along with
the application of parameters (D, L, W, Conc) typical
of gamma astronomy, new quantities characterizing
the angular image of the spatial—angular distribution
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of EAS Cherenkov light were found; these quantities
enable us to increase the sensitivity of the method to
the mass of a primary nucleus.
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