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Abstract—This report presents a draft of a new detector designed to determine the chemical composition of
primary cosmic rays based on the characteristics of the angular distribution of Cherenkov light from EAS.
The installation, consisting of several such detectors, will be able to register individual EAS events in the
energy range from 1 to 1000 PeV with high angular resolution of up to 0.2°. The proposed detector’s distinctive
feature is its simple design and wide viewing angle of above £30°.
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1. INTRODUCTION

Despite the large number of facilities operating in
the ‘knee’ energy range [1—4], the task of determining
the chemical composition of primary cosmic rays
(PCR) has not yet been fully solved [5, 6]. The meth-
odological accuracy does not allow for individual clas-
sification of the recorded events. The most commonly

used parameter, X, ., provides only an indication of
the overall trend towards lighter or heavier composi-
tion [7, 8]. However, this approach does not provide
an unambiguous answer as to which of the p-He,
CNO, or Fe nuclei groups is responsible for a particu-

lar change in the average X ., value.

max

In an attempt to address this issue, a combination
of methods involving Cherenkov facilities and particle
detectors, such as Tunka, came in use to improve the
separation of nuclei groups. Nevertheless, the use of
the charged particle component of extensive air show-
ers (EAS) inevitably leads to a significant dependence
of the result interpretation on the initial model used
for EAS simulation. At the same time, the Cherenkov
light (CL) detection method has a significantly lower
degree of model dependence, as it provides informa-
tion about all stages of the cascade development,
including the Cherenkov photons emitted by the pri-
mary particle. Although it is almost impossible to
detect this light directly, but the angular distribution of

CL can be used. Measuring the distribution of Che-
renkov photons from different directions allows for a
better identification of the primary particle type, as the
information from various stages of the development of
the cascade is obtained. This technique is particularly
effective in astrophysical gamma-ray telescopes,
where the use of the Hillas’ parameters allows gamma
quanta to stand out against the background of hadron
components.

However, there are technical and methodological
challenges when studying hadrons. A technical chal-
lenge is the complexity and high cost associated with
developing detectors for high-energy ranges. The
technique requires the use of a large number of detec-
tors, which must be wide-angled in order to achieve a
sufficient geometric coverage factor. Additionally,
these detectors must possess an angular resolution
similar to that of gamma-ray telescopes in order to
meet the requirements of the observation process. In
order to address these challenges, we propose the
development of a novel CL detector design.

2. DETECTOR DESIGN PRINCIPLE

Relatively small detectors can be used to detect the
hadron component of cosmic rays with energies in the
range of 1—1000 PeV, as the photon density at a dis-
tance of 100 m from the shower axis is approximately
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Table 1. A detector prototype paramenters
+28° or £36°

Field of view

Angular resolution 0.2—0.4°
Focal length 1.2—1.6 m
Detector diameter 1.5-2m

Pixel in the camera (virtual
pixels for 37 lenses version)

259 (~9000) or 427 (~15000)

Effective aperture 320 cm?

10 photons/cm? for a vertical 1 PeV proton shower. In
order to reliably detect such an event, considering
losses on optical elements, at least 1000 photons need
to be collected. It is planned to utilize lenses with a
diameter of about 22 cm and an area of ~400 cm? for
the prototype detector. However, a photodetector
array with a large number of pixels is required in a clas-
sical telescope scheme to provide a wide field of view.
Based on the fact that the occurrence of events with
energies above 1 PeV is rare, and the likelihood of
simultaneous occurrence of two such events from dif-
ferent directions is negligible, we propose the develop-
ment of a detector that consists of a single, small
matrix with up to 300—500 elements, which can be
used to record light from several dozen lenses over-
looking different directions at the same time.

Preliminary estimates have indicated the basic fea-
sibility of creating such a detector. Figure 1 show a pre-
liminary version of the optical detector system, with
an angular resolution of 0.24° and a focal length of
1550 mm, illustrating the path of rays for 4 lenses when
a Cherenkov light hits at different angles. As the detec-
tor is symmetric (in see Fig. 2 for detector general
view), the total field of view will be greater than 56°.
The upper right corner (orange rectangle) depicts a
photodetector array with a diameter of about 285 mm.
In total, 37 identical convex lenses with a curvature
radius of 803 mm are mounted in the detector. Each
lens focuses light from an some area within the full
field of view onto the camera. To ensure the continu-
ous sensitivity across the whole field of view the over-
lap of individual lenses fields of view is provided. In
Fig. 1 bold red and blue lines demonstrate that parallel
beams from adjacent lenses are collected on opposite
edges of the camera. The number of lenses and, there-
fore, detector viewing angle can be further increased to
72° by adding another row of lenses (61 lenses in total).
And by replacing each lens by a two lens block, another
increase in detector viewing angle can be made, bring-
ing total field of view almost to 1.8 sr.

The camera consists of 61 optical modules. Optical
module houses 7 silicon 6 X 6 mm silicon photomulti-
pliers (SiPM) with individual spherical lens light col-
lectors, arranged in a hexagonal pattern. A center-to-
center distance between neighbouring SiPMs is
approximately 12 mm. The change in size of the cam-
era with fixed lens system changes the individual lens
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field of view and, since the lenses orientation is fixed,
in higher or lower overlap. The change in pixel density
changes resolution.

A similar device is also under development, with an
angular resolution of 0.33°, viewing angle of +20°, and
a focal length of 1600 mm. In all versions of the proto-
type, the same SiPM module will be employed.

The optical module is based on the SensL
MicroFC-60035 SiPMs with 5.96 X 5.96 mm? area. A
similar optical module of 7 SiPMs has been developed
previously [9]. At the end of 2018, a first camera pro-
totype (7 modules totalling 49 SiPMs) underwent test-
ing, and since September 2019, this prototype (Small
Imaging Telescope, SIT) has been successfully inte-
grated into the TAIGA astrophysical complex [10, 11].

3. SENSITIVITY TO PRIMARY
PARTICLE TYPE

The analysis of the EAS CL angular distribution is
commonly used in gamma-ray astronomy to filter
events from primary gammas using so-called ‘Hillas
parameters’ as described in [12]. However, in gamma-
astronomy detectors mirrors has diameters ranging
from several meters to tens of meters all in order to
achieve a low energy threshold in the hundreds of MeV
range and below. For energies around 1 PeV direct
applicability of this method is a matter of a further
careful study. However, for mass composition studies
another set of methods was developed for relatively
high altitude conditions of mountain station [13—16].
Adaptation of these methods to the deeper levels is
done in the SPHERE-3 project [17, 18].

Preliminary, a proposed detector can divide regis-
tered events into several groups if some additional data
will be available (see Sec. 5).

4. ENERGY THRESHOLD

Since the useful signal is typically generated by only
a single lens, while background signals are collected
simultaneously from all detector lenses, it is necessary
to determine the signal-to-background ratio. Assum-
ing a typical night sky photon flux estimation of 2 X
102 photons m~2 sr~! s7!, the photon flux through a
320 cm? aperture and 0.24° pixel (1.38 X 107 sr) times
37 lenses for 200 ns will be less than 8. Considering the
SiPM’s quantum efficiency to be approximately 25%,
background fluctuations will range from 2—3 photo-
electrons.

However, a more accurate estimation can be
obtained from analysis of the SIT telemetry data [10].
Using absolute calibration [19], the total camera cur-
rent can be converted to a flux of 1.78 x 10° photoelec-
trons/s (after subtracting any additional current from

SiPM crosstalk). This gives a value of 3.7 X 10’ photo-
electrons/s per pixel.This estimation is more accurate
because it takes into account the spectral dependen-
Vol. 88
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Fig. 1. The optical scheme of the proposed detector. Orange line indicates the detector’s light sensitive camera. Light blue ele-
ments represent lenses. Each consecutive lens is tilted 8° compared to its neighbours. The coloured thin lines indicates the relative
incidence angle on the lens: blue, —4°; green, 0°; red, +4°. Bold red and blue lines show the parallel beams (12°) that hit different
lenses and are focused in different parts of the camera. A dashed line shows a possible additional lens (and even more can be

added).

cies of the SiPM and the real spectral parameters of
the night sky photon flux.

Considering the difference in effective aperture
(SIT—367 cm?, this detector—~320 cm?) and pixel

size (SIT—1.5 [°, this detector—~0.05 [°) the
expected number of background photoelectrons per
200 ns is 0.2, which makes the background negligible

with respect to signal reconstruction'.

The same comparison with SIT data [11] allows us
to estimate a preliminary energy threshold that is com-
parable with SIT (with almost the same aperture). As
the direct CL from an EAS has a narrow distribution,
in cases where we are not far from the shower axis,
most of the photons will be collected within 4—5 pix-
els. The SIT detector has a lower energy threshold of
0.3 PeV (obtained through cross-correlation with HiS-
CORE). Therefore, this new detector will likely have
an energy threshold close to 1 PeV.

However, a full Monte Carlo simulation may refine
this estimation. Scaling the detector by a factor of 2

11t should be noted that for trigger system this background level
in conjunction with the SiPM crosstalk poses a significant chal-
lenge. But there are ways to circumvent this issue. See details
and some possible solutions in [20] for a more challenging situa-
tion of long signal collection times and higher background.
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should also reduce the energy threshold to approxi-
mately 250—300 TeV.

5. DETECTOR DESIGN APPLICABILITY

The proposed detector has certain limitations
regarding its use. Due to the fact that each pixel of the
detector simultaneously observes several different
spots on the celestial sphere (one spot per lens), it is
not technically possible to determine from which lens
light was collected during an event. Therefore, it is not
possible to reconstruct the arrival direction of the cos-
mic ray (CR) based on data from the camera of the
detector alone, and consequently, it is impossible to
reliably determine energy and particle type.

There are several ways to solve this problem. One
option is to integrate the new detector with another
extensive air shower (EAS) array and use external data
on shower arrival direction. The arrival directions of
EAS and CR are different, so external data may not be
very accurate (within 5°). In such a case, the external
data on EAS arrival direction can be used for particle
type estimation.

Another option is to equip the detector with addi-
tional detector units. These auxiliary units, located
100—200 meters from the main detector and consist-
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Fig. 2. General view of the detector. Solid lines show elements, dashed lines show side and top projections (given for clearer size
comparison). Blue lines show lenses, red lines—detector camera. Dark gray dashed lines show side cover absent in central view.

ing of a single pixel, would serve to reconstruct the
arrival direction and, in the case of more complex
designs, the location of the axis. The layout and oper-
ation of these units is shown in Fig. 3. The green unit
represents a proposed detector, and the blue units rep-
resent auxiliary detectors.

This approach can be further expanded by using
not a single additional detector, but a grid of them. For
example, copies of the main detector can be used as
auxiliary units (blue units in Fig. 3). This would pro-

v EAS
\-\ axis

EAS
plane

,

Fig. 3. Array of several detectors. Green one indicated the
proposed detector. Blue ones can be of the same design or
a simple wide-angle ‘single-pixel’ detector with sole pur-
pose to provide time information on shower passing. Alter-
natively blue detectors can be from a different independent
array. Detector spacing is about 100—200 m.
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vide data on the arrival direction of the shower (from
photon arrival times), information on the location of
the axis (using several methods), and additional infor-
mation on the type of particle.

Simultaneous detection of the same EAS by multi-
ple detectors would allow for more sophisticated data
analysis techniques, as the angle between the arrival of
the shower and CL arrival also depends on the particle

type.

6. CONCLUSIONS

A design for a wide-angle ground base detector
with high angular resolution for PCR mass composi-
tion study above 1 PeV energy is proposed. The optical
parameters of the proposed detector meet the require-
ments for angular resolution. Evaluation of the influ-
ence of the background of the starry sky shows the
possibility of registering EAS events from particles
with an energy of 1 PeV.
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