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Abstract.

Here we present the current state of the technical design of the SPHERE project’s new
detector. The SPHERE project is aimed at primary cosmic ray studies in the 1-1000 PeV energy
range using the reflected Cherenkov light method. The concept of a drone mounted detector
with a photosensitive camera based on silicon photomultipliers is discussed. The design details
of a small scale prototype of this detector is presented.

1. Introduction
The SPHERE project is based on a technique proposed by Alexander Chudakov for primary
cosmic ray studies [1] by detection of Cherenkov light (CL) reflected from the snow covered
surface induced by extensive air showers (EAS). This approach was successfully implemented
earlier in the SPHERE project[2], in particular in the experiments with the SPHERE-2
detector[3]. The small SPHERE-2 detector was carried by a tethered balloon above the snow
covered Baikal lake (Russia). The experiment was carefully simulated [4] and the resulting
primary cosmic ray energy spectrum and the chemical composition data were published [5].
The main aim of the current stage of the SPHERE project (see Fig. 1) is to develop a new
SPHERE-3 detector for primary cosmic ray mass composition studies in the energy range from
1 to 1000 PeV. The main features of the new detector are the silicon photomultipliers in the
photosensitive camera and an unmanned aerial vehicle (UAV) as a detector carrier.

2. Detector Design

Preliminary design of the detector’s prototype optical scheme is shown in Fig. 2. The prototype
viewing angle is £25°. With 800 mm radius mirror and 460 mm aperture diameter the light spot
on the sensitive surface is about 20 mm in diameter. Preliminary parameters of the detector
and its prototype are given in Tab. 1.
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Figure 1. Scheme of direct and reflected Figure 2. Preliminary version of the optical
Cherenkov light from EAS. system with spot diagram analysis.

The new detector will use the Schmidt optical system. The central part of the mirror will not
be used since it is in the shadow of the photodetector. This area can be used to localise a system
for the direct CL detection with an approximate aperture of 100 cm?. Calculations show that
for an EAS from a 1 PeV proton the CL photon density is ~100 photons per cm at a distance
of 100 m from the shower axis. Taking into account the SiPM quantum efficiency and losses on
the optical elements the expected number of registered photoelectrons is around 1000. Thus in
addition to the data on the reflected CL information on the intensity and angular properties of
direct CL can be used for estimating the mass of the primary particle. It is assumed that at the
same primary energy and depth of EAS maximum an EAS from a primary proton should form
a light spot different form that of a Fe nuclei.

2.1. SiPM segment prototype
The main sensitive element of the new detector will consist of 7-channel SiPM boards [6] based
on the Micro FC-60035 SiPMs [7]. Tests of such boards were successfully completed. Each

Table 1. Characteristics of the designed detectors.

Parameter Prototype of Target
the detector Detector
Effective aperture 0,1 m? 0.5 m?
Mirror diameter, up to 80 cm 160 cm
Viewing angle of the optical system +25° +25°
Number of pixels (SiPMs) 133 up to 3000
Detector weight, up to 10 kg 50 kg
Detector lifting height, up to 500 m 2000 m
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Figure 3. (Left) An electronic circuitry model approximating the real SiPM. The circuit model
was built in MATLAB Simulink. (Right) The model curve of a current pulse from a single
photoelectron obtained from MATLAB Simulink in comparison to the manufacturer provided
data.

board was equipped with 7 pre-amplifiers and a temperature sensor. To increase the sensitivity
of the detector we plan to adapt the SiPM boards to a wide angle optical scheme based on
hemispherical lenses.

2.2. SiPM modelling

In order to increase the time resolution a fast output will be used for these SiPMs. But such
output signals are distorted by negative afterpulses and overlapping of neighboring pulses. For
higher estimation accuracy of photoelectron quantities we built a SiPM operation model. In
Fig. 3 on the left the circuitry of the model SiPM is shown. The parameters were adjusted
to emulate a manufacturer measured profile of a single photoelectron pulse. The model pulse
profile (blue curve) along with the experimental data (red dots) is shown in Fig. 3 on the right.

3. Experiment modeling

The modeling procedure generally follows the approach used in the SPHERE-2 experiment. It
includes event modeling and image processing. Event modeling incorporates two stages: a) EAS
simulation with the CORSIKA code including Cherenkov light generation and b) production of
CL images of EAS events in the telescope mosaic. The 1st stage results in a detailed 3D-array
of CL photoelecton distribution in spatial coordinates and arrival time on the snow for each
EAS event. Photoelectons appear due to a special CORSIKA mode which allows to account
the PMT efficiency during shower modeling. At the 2nd stage the shower cores are evenly
spread on the snow over a 500 m radius circle centered under the telescope. Contributions from
every patch of the CL spot on the snow to the signal on the mosaic PMTs are calculated on a
photoelectron-by-photoelectron basis.

During processing the images are fitted with an axis-symmetric rational function. Then the
approximations are integrated over the central circle and the surrounding ring. The ratio of
these integrals is used as a criterion parameter for the separation of events by the primary mass.
Criteria are optimized with respect to mass separation by varying the radii of the circle and the
ring. Optimal criteria are obtained for different primary energies and zenith angles, detector
elevation and atmosphere models (1 and 11 in CORSIKA terms).

Fig. 4 shows an example of primary mass criterion parameter distributions for p, N, Fe
primaries made for the SPHERE-2 detector, since the optical design of the new detector has not
yet been completed.
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Figure 4. Criterion value distributions for p, N, Fe primaries. Zenith angle: 15°. Atmosphere
model: 11. Figures inside the panels denote the probabilities of misclassification (classification
errors) for pairs of primary particles p-N and N-Fe. a,b — Ey = 10PeV, c¢,d — Ey = 30PeV,
a,c — h(elevation above the snow surface) = 500m, b,d — h = 900m.

According to our previous work the use of direct CL angular distribution may help enhance
the EAS separation by primary mass [§].

4. Conclusion

The development of a new SiPM based detector for EAS studies is continued. A prototype of
a photosensitive matrix element has been developed and is being tested. The detector design
and feasibility of some technical solutions are being studied. For this purpose, a SiPM circuit
model with a fast output was created. Analysis of the detector design performance for the mass
composition studies is continued.

5. Acknowledgments
MEYS of Czech Republic grants LG14004 and LG18022.

References

[1] Chudakov A 1972 Ezperimental methods of studying cosmic rays of superhigh energies, Proc. All-Union
Symposium, Yakutsk 69-72 (in Russian)

[2] Antonov R A, Aulova T V, Bonvech E A, Chernov D V, Dzhatdoev T A, Finger M, Galkin V I, Podgrudkov
D A and Roganova T M 2015 Phys. Part. Nucl. 46 60-93

[3] Antonov R, Bonvech E, Chernov D, Dzhatdoev T, Finger M, Finger M, Podgrudkov D, Roganova T, Shirokov
A and Vaiman I 2020 Astroparticle Physics 121 102460

[4] Antonov R, Bonvech E, Chernov D, Dzhatdoev T, Galkin V, Podgrudkov D and Roganova T 2019 Astroparticle
Physics 108 24 — 39

[5] Antonov R A, Aulova T V, Bonvech E A, Chernov D V, Dzhatdoev T A, Galkin V I, Podgrudkov D A and
Roganova T M 2015 Journal of Physics: Conference Series 632 012090

[6] Chernov D, Astapov I, Bezyazeekov P and et al E B 2020 Journal of Instrumentation 15 C09062—-C09062

[7] ON Semiconductor SIPM/SensL. Webpage URL https://sensl.com/downloads/ds/DS-MicroCseries.pdf

[8] Galkin V, Borisov A, Bakhromzod R, Batraev V, Latipova S and Muqumov A 2018 Moscow University Physics
Bulletin 73(2) 179



