A st Petersburg Polytechnic University Journal. Physics and Mathematics. 2023. Vol. 16. No. 1.2
HayuyHo-TexHnueckme sBegomocTtu CM6ITY. ®dusnko-matematudeckme Hayku. 16 (1.2) 2023

Conference materials
UDC 537.591.15
DOI: https://doi.org/10.18721/IJPM.161.263

Design of an optical concentrators array for the camera
of a small-size Cherenkov gamma-ray telescope

A.S. Antonov'®, A.A. Bogdanov', A.M. Krassilchtchikov'

! Joffe Institute, St. Petersburg, Russia
© andrey.antonov@mail.ioffe.ru

Abstract. Quantitative modeling of a system of optical concentrators based on an improved
design of Winston hexagonal cones, providing a possibility of using light filters and intended for
the registration camera of a small-size Cherenkov gamma-ray telescope, has been performed.
The transmission of the cones is calculated, and the intensity distributions of the photon flux in
the detector plane are given. Based on the results obtained, an optimal configuration of optical
concentrators is proposed with an account for design features of the TAIGA-IACT mount,
mirror, and camera, as well as of new detector units. The results obtained for the considered
system are compared with the previously published models.
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AnHOTanus. BBITTOJTHEHO KOJMMYECTBEHHOE MOJEIMPOBAHUE CHUCTEMBI  ONTUYECKUX
KOHIIEHTPATOPOB Ha OCHOBE MAacCHUBA LIECTUYTOJIbHBIX KOHYCOB YMHCTOHA, MPeAHA3HAUYEHHOU
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Introduction

Currently, Cherenkov gamma-ray telescopes are the main type of astronomical instruments
in the energy range above 0.1 TeV. Having a very large (~10*—10° m?) effective detection area
they make it possible to measure rather weak fluxes of teravolt range gamma radiation from
a number of cosmic sources (see, for example, [1, 2]). Such a large detection area is due to
the fact that observations are carried out not by a direct method but by registering Cherenkov
radiation of electrons and positrons of extensive air showers (EAS) initiated by primary cosmic
gamma rays during their interaction with the Earth’s atmosphere. The characteristic transverse
size of an EAS is of the order of 200—500 m. The large detection area and the relatively low cost
of Cherenkov gamma-ray telescopes provide such significant competitive advantages that, most
likely, in the foreseeable future they will remain the main instruments of gamma-ray astron-
omy in the energy range above 0.1 TeV. Projects of new (IV) generation Cherenkov telescopes
[3, 4] are in an active phase, and the existing (III generation) Cherenkov telescopes are being
continuously modernized [5, 6].

Since 2019 a team from the loffe Institute is carrying out a project aimed at upgrading the
camera of the TAIGA-IACT Cherenkov gamma-ray telescope (SINP MSU, Irkutsk University)
[7, 8]. The main goal of the project is the development of new detector clusters for the TAIGA-
IACT camera based on silicon photomultipliers (SiPM), which would improve the efficiency of
this telescope by reducing the threshold detection energy and increasing the duty cycle [9, 10].
The detector cameras of Cherenkov gamma-ray telescopes usually consist of several hundred
photomultipliers (PMTs) [11, 12], each equipped with a light concentrator (usually, a Winston
cone) which performs several functions [13, 14], such as:

1) transition from the pixel size which is determined by the size of the focal plane area where
the image of a Cherenkov flash is formed, and the number of camera pixels, to the size of the
input window of the selected photocell, i.e., the additional concentration of source photons;

2) transition from the pixel shape (usually, a hexagon), which should ensure filling of the
detector plane without gaps and overlaps in order to reduce the area of “dead” (non-recording)
areas of the camera, to the shape of the input window of the selected photocell (in the case of
a traditional vacuum PMT, it is usually a circle)

3) reduction of the noise background made of photons from the night sky and reflected
background photons.

Such a device is typically an off-axis paraboloid of revolution, which collects a set of rays,
allowing the off-axis rays to repeatedly reflect when passing from the entrance to the exit aper-
ture. At present, Winston cones with windows in the shape of regular hexagons are used in the
TAIGA-IACT telescope cameras, the exit window size (the diameter of the inscribed circle)
is about 14.8 mm, which corresponds to the size of the 15 mm round entrance window of the
XP1911 PMTs [15]. The planned modernization of this camera involves the employment of an
assembly of four OnSemi MicroFJ-60035 SiPMs with a square-shaped entrance window with a
size of about 12.8 mm as photocells [9]. Such differences would require the development of new
light concentrators. In order to assess the need for changes in the design of light concentrators
(Winston cones) for the upgraded TAIGA-IACT camera compared to those currently used,
preliminary modeling of Winston cones was carried out using the ZEMAX package [16]. Some
results of these simulations are presented below.

© AntonoB A.C., bormanoB A.A., KpacwibiiukoB A.M., 2023. Wzpmatens: Cankr-IletepOyprckuii moJMTEXHUUECKUI
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Materials and Methods

The main characteristic of a Winston cone is the viewing angle 6 equal to the angle of incli-
nation of the parabola axis to the axis of the cone. This value determines the area of transmission
of the cone in the space of angles, as well as the ratio of the areas of the input and output win-
dows. A simplified (polygonal) construction of cones, consisting of a set of parabolic surfaces,
is considered. Thus, the inlet and outlet of the cones are polygons. Fig. 1 shows a drawing of a
modified design of an array of Winston cones with flanges for attaching light filters. The prototype
of these cones with a reflective film applied to the inner surface was made for the new TAIGA-
IACT camera. Based on the requirements for the design of the telescope registration camera for
numerical simulation, hexagonal Winston cones were chosen, whose characteristics are close to
the ideal case of a paraboloid of revolution. The calculations of [18] showed that the transmission
of a hexagonal Winston cone does not differ significantly from its axisymmetric counterpart at
cone angles of about 30 degrees or more. The transmission of a cone refers to the percentage ratio
of the number of photons that have passed through the cone to the number of photons that have
arrived at the input window of the cone.
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Fig. 1. Design of an array of modified Winston cones

Numerical simulations were carried out using the ZEMAX software package designed for the
calculation of optical systems and optoelectronic devices. To solve problems of geometric optics,
this package employs Monte Carlo ray tracing, the essence of which is to track the trajectory of
rays and calculate interactions with the objects lying on the trajectories. According to the speci-
fication, the reflection coefficient of the inner surface of the Winston cones must be at least 0.95
in the wavelength range of 300—700 nm. This is the value used in the simulations.

The numerical model included a parabolic telescope mirror, a single Winston cone, and a set
of 4 detectors located near the exit window of the cone. The geometrical parameters of the tele-
scope mirror were taken as follows: the radius of the mirror, 2.16 m, and the focal length, 4.75
m. Each of the 4 detectors has the shape of a square with a side of 6.13 mm, the centers of the
detectors are located in the corners of a square with a side of 6.33 mm. When determining the
geometric parameters of the cone, the following relations were used:

B _sing, n=fitt
R, tg0

b

where R, and R, are the radii of the inscribed circle for the input and output windows respec-
tively, 0 is the angle of the cone, # is the height of the cone.
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Results and Discussion

Three variants of the cone design were considered, differing in the angle 0 equal to 26.56, 30
and 35 degrees, respectively. In particular, when the angle 6 = 30°, the ratio of the areas of the
input and output windows of the cone is 4. Based on the simulation results, the angular size of a
pixel of the telescope mirror and a single cone system was determined, which is a hexagonal area
on the celestial sphere with an inscribed circle angular radius of 10.8'.

In the numerical simulation, the photons started from plane 2 (Fig. 2) in the direction of the
telescope mirror with a uniform distribution in the coordinate space within the region bounded by
a circle with a radius equal to the radius of the telescope mirror, and in the space of angles within
a circle with an angular radius of 10.8’. This value corresponds to the found angular size of the
pixel of the telescope mirror and a single cone system. The detectors were located at a distance
of 1 mm from the output window of the cone, which made it possible to minimize signal losses.
Due to the imperfection of the cone, namely to the polygonal structure, some of the photons did
not pass through it and were reflected in the opposite direction. These photons were recorded
on plane 2 (Fig. 2) which made it possible to determine the signal loss caused by the imperfec-
tion of the cone. Calculations have shown that the best transmission is obtained in the case of a
cone angle of 30 degrees. The most significant reason for the decrease in the signal was the loss
of photons in the area of the detectors. Losses due to reflection from the inner surfaces of the
cones were no more than 10%. At the same time, for the construction of a cone with an angle of
26.56 degrees (at such an angle, the radius of the circumscribed circle of the output hexagon is
2 times less than the radius of the inscribed circle of the input hexagon), noticeable losses in the
photon flux were associated with their reflection in the opposite direction.

backward reflected
photons

4.32m

telescope 1
mirror

4.75m

Fig. 2. Numerical model in the Zemax package including a telescope mirror
and a single Winston cone: / is the plane of the start of photons, 2 is the plane
of registration of photons reflected in the opposite direction, 3 is the plane of the detectors

The calculation of the normalized intensity distribution of the of the photon flux in the plane
of the detectors (Fig. 3, a) showed that, despite the hexagonal shape of the cones, this distribution
is generally symmetrical with respect to the axis of the cone. The intensity distribution of photons
reflected in the opposite direction in plane 2 is shown in Fig. 3,b.

For a Winston cone with an angle of 30 degrees, a numerical simulation of a modified
design with a 10 mm flange was carried out. Two variants of the reflective surface of the flange
were considered: an ideally absorbing surface and a surface with a reflection coefficient of 0.95.
Calculations showed that in the case of a cone model without a flange, the transmission was equal
to 73.57%. At the same time, even in the case when the surface of the cone flange was ideally
absorbent the transmission only decreased to 67.91%. In a realistic case, when the reflection coef-
ficient of the cone flange was 0.95, the transmission turned out to be 72.41%.
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a)

b)

Fig. 3. Distribution of the normalized intensity of the photon flux
for different cone angles: in the plane of the detectors (a), in the plane
of registration of photons reflected in the opposite direction (b)

Conclusion
Quantitative modeling of an optical concentrator array based on modified Winston hexagonal

cones for a small-size Cherenkov gamma-ray telescope showed that of the 3 designs considered, a
cone with a viewing angle of 30 degrees has the best performance when using a given configura-
tion of 4 detectors. According to the results of the numerical simulation, the losses during reflec-
tion from the inner surfaces of the cone amounted to 7.43%, and the losses caused by the dis-
crepancy between the exit window of the cone and the detectors amounted to 17.53%. Thus, the
numerically found transmission of this cone was above 73%. At the same time, the addition of a
filter attachment flange to the design of the cone results in only a slight reduction in transmission.
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