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Abstract—Some plans on further development of the SPHERE experiment are presented. Namely, reasons
for the introduction of an additional detector of the angular distribution of Cherenkov light, pointed at zenith,
are given. It can only work together with the main telescope but can yield important information on the pri-
mary particle direction and mass. Construction and capabilities of the detector are discussed, draft algorithms
for direction definition are revealed, and sensitivity to the primary mass is shown.
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INTRODUCTION

Extensive air showers (EAS) registration method
using their reflected Cherenkov light was first pro-
posed by A.E. Chudakov in 1972 [1]. This method was
implemented in several experiments [2—5] with vary-
ing degrees of success. At present a new detector in the
SPHERE experiments series is in design [6], aimed at
primary cosmic ray mass composition estimation in
the 1—1000 PeV energy range. Traditional for this
series mirror telescope optical design is optimized spe-
cifically for this task and will be complemented with
an additional detector to study Cherenkov light angu-
lar distribution. The first estimates show that this
detector provides data on arrival direction and allows
mass reconstruction with quality equal or better than
that of the reflected Cherenkov light telescope. If EAS
is registered by both the angular and reflected light
detectors the primary particle parameters are esti-
mated with even better accuracy.

DIRECT CHERENKOV LIGHT DETECTOR

The direct Cherenkov light detector must register
the angular distribution in sufficient detail to separate
the EAS events by the primary nuclei. At the same
time, the data provided by it should be suitable for

EAS direction estimation. Two detector options were
considered. Both represent a collecting lens, and a
position-sensitive sensor located in its focus. The first
option had a small 100 cm? lens with a 10.3 cm focal
distance, the second version had a larger 400 cm? area
and lenses with a 63.5 cm focal distance. The first ver-
sion had a 30 x 30° field of view with a single lens,
while the second had 7 of 19 lenses in a hexagonal grid
for the same field. At this stage only the first option
(shown in Fig. 1) was fully analyzed.

SIMULATION

For EAS simulations CORSIKA 7.7500 was used
[7] as described in [8]. All simulation runs were per-
formed using the Lomonosov-2 supercomputer [9].
The simulated Cherenkov light from EAS was then
traced through the main SPHERE-3 telescope and
direct Cherenkov light detector using Geant4 [10] with
implemented detector models.

SHOWER ARRIVAL DIRECTION ESTIMATION
USING DIRECT CHERENKOV LIGHT

EAS arrival directions were reconstructed using
Cherenkov light distributions (unmodified CORSIKA

1007



1008

BONVECH et al.

Fig. 1. A segment of the direct Cherenkov light detector with 400 cm? total area. The detector will have 7 or 19 such lenses with a

single sensitive element in its focus.

simulations output) and Cherenkov images (an ideal
detector output without electronics interference). In
both cases arrival direction was estimated two ways:
using light spot maximum position and using light
spot center of mass. The direct Cherenkov light distri-
bution is asymmetrical, and, therefore, the maximum
and center of mass are offset from the arrival direction
and from each other. However, the original EAS
arrival direction projection, spot maximum and center
of mass all lay along the same line in a certain order.
On the one hand this introduces a systematic error in
arrival direction estimation that depends on the dis-
tance from the shower core to the detector. On the
other hand, this allows us to introduce a correction
based on the offset between light spot maximum and
center of mass. With this correction applied the arrival
direction estimation can reach precision presented in
Table 1.

NEURAL NETWORK APPROACH
TO THE EAS ARRIVAL DIRECTION

One of the possible approaches to direct Cheren-
kov light registration with the SPHERE-3 detector is
to use the main camera and a coded aperture intro-
duced into the main mirror. The main mirror can have
an arrangement of pinholes that will not affect the
reflected light collection due to a comparably very
small area. The main advantage of this approach is the
use of the same light sensitive elements as for the
reflected light registration therefore saving on detector
electronics complexity and mass. The main drawback
of this method is its limited resolution and relatively
low amount of collected light.

To test this approach a toy model of coded aperture
was used—a single 97 mm diameter round hole in the
center of the main mirror (see Fig. 2). The incident
light distribution was simulated as an artificial, gauss-

Table 1. EAS arrival direction estimation errors (in degrees)

ian in angular terms fluxes. The fluxes were traced
through the main detector model using Geant4. The
electronics response was modeled also as described in
[8] with no background added.

The sensitivity of the proposed direct light registra-
tion method to the EAS arrival direction was done the
following way:

(1) images from the detector camera were prepro-
cessed and the geometric center of light spots was esti-
mated in polar coordinates (r,, @) relative to the
image center;

(2) values of (ry, ©,) were fed as training inputs to a
regression model (as a test the linear regression model
was used) and as engineered features to the fully con-
nected neural network with one hidden layer;

(3) on the test set the results of two models (r, @;)
and (r,, ¢,) and preprocessed values (7, ¢,) were com-
pared to the original (known) values used in the simu-
lation (r, @).

Linear regression model parameters were esti-
mated using the least squares method. The neural net-
work was trained over 5000 samples for 10 epochs with
mean absolute deviation as a loss function.

Resultant arrival estimation errors A for all three
methods are presented in Fig. 3. Feature engineering
allows to achieve 2.0° £ 0.8° precision. Linear regres-
sion model provides better accuracy of 0.6° = 0.3°, and
neural network (multilayer perceptron, MLP) had the
best precision of 0.44° £ 0.26°.

PRIMARY MASS ESTIMATION
USING DIRECT CHERENKOV LIGHT

The task of primary particle mass estimation was
also approached the same way as arrival direction esti-
mation: using angular distributions and Cherenkov
images. As a numerical parameter of the light spot

Distance Angular distributions

Cherenkov images

to the shower core using maximum

using center of mass

using maximum using center of mass

140 m 0.20 0.32 0.12 0.16
100 m 0.10 0.22 0.14 0.19
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Fig. 2. (Left) Schematic representation (not to scale) of the toy-model coding aperture hole. (Right) Examples of the light spots’

images on the camera from artificial events.
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Fig. 3. Light arrival estimation error A distribution for different approaches (see text).

shape the length of its bigger axis was used. To lower
the fluctuations the thresholds were introduced—
minimum number of photons in each image cell
required for the cell to be accounted in analysis. Sev-
eral threshold levels allow one to study distribution at
different levels. Also, the effect of Cherenkov light dis-
tribution modeling resolution was tested. Several dif-
ferent options were applied (1.0°, 0.5°, 0.25° and 0.2°)
that significantly differed in the mass estimation
results (see Table 2).
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As follows from Table 2 Cherenkov light angular
distribution is more sensitive to primary particle mass
than to reflected light [8], which has average classifi-
cation errors of around 0.3. However, for the 100 cm?
detector version the classification errors even with the
highest resolution grid (0.2° %X 0.2°) were about 0.44
for both proton-nitrogen and nitrogen-iron pairs.

To solve this issue, the images were analyzed for
fluctuations and thresholds were set higher to select
only the areas with relative fluctuations less than 1.
2025
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Table 2. Average classification errors for different resolutions (100 cm? detector, 3 photons threshold, 140 m from shower core)
Resolution 1.0° x 1.0° 0.5° x 0.5° 0.25° x 0.25° 0.2° x 0.2°
p-N error 0.37 0.25 0.25 0.22
N-Fe error 0.25 0.26 0.20 0.20
Table 3. Classification errors for 400 cm? detector (140 m to shower core, resolution 0.2 x 0.2°)
Threshold, photons p—N N—Fe
Angular distributions 15 0.270 £ 0.005 0.230 £ 0.005
30 0.270 = 0.005 0.240 + 0.005
80 0.270 = 0.005 0.220 + 0.005
Cherenkov images 12 0.270 £ 0.005 0.260 = 0.005
14 0.270 = 0.005 0.260 + 0.005
16 0.270 £ 0.005 0.260 = 0.005

This allowed to reach 0.43 and 0.39 classification
errors for proton-nitrogen and nitrogen-iron pairs
respectively on the 0.2° x (0.2° grid.

Since classification errors were significantly higher
than in the reflected light method [8] another detector
model was tested with a 400 cm? area lens (see Fig. 1).
In contrast with the previous detector version this one
has a thin lens what significantly lowers the image dis-
tortions, and, therefore, provides better classification
errors (see Table 3).

Since the larger lens collects more light the thresh-
olds for image analysis can be set higher. And with
higher thresholds the best results were achieved, sur-
passing those of the reflected technique.

CONCLUSIONS

The development of a new experiment in the
SPHERE series and the optimal design of the detector
are primarily focused on the task of determining the
mass composition of primary nuclei in the energy
range of 1—1000 PeV. A new Cherenkov light angular
distribution detector, working in conjunction with the
main telescope that registers reflected Cherenkov
light, can provide significant assistance in solving this
problem. The article discusses the possibilities of such
a detector. It can already be argued that it can solve
these tasks—estimating the direction of the axis and
separating the primary nuclei by mass—not worse than
the main telescope.
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