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Abstract. The SST-1M is a Small-Sized Telescope (SST) designed to provide a cost-effective and

high-performance solution for gamma-ray astrophysics, particularly for energies beyond a few TeV. The

goal is to integrate this telescope into an array of similar instruments, leveraging its lightweight design,

earthquake resistance, and established Davies-Cotton configuration. Additionally, its optical system

is designed to function without a protective dome, allowing it to withstand the harsh atmospheric

conditions typical of mountain environments above 2000 m a.s.l. The SST-1M utilizes a fully

digitizing camera system based on silicon photomultipliers (SiPMs). This camera is capable of

digitizing all signals from the UV-optical light detectors, allowing for the implementation of various

triggers and data analysis methods. We detail the process of designing, prototyping, and validating this

system, ensuring that it meets the stringent requirements for gamma-ray detection and performance.

An SST-1M stereo system is currently operational and collecting data at the Ondřejov observatory in

the Czech Republic, situated at 500 m a.s.l. Preliminary results from this system are promising. A

forthcoming paper will provide a comprehensive analysis of the telescope’s performance in detecting

gamma rays and operating under real-world conditions
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1 Introduction

The vast majority of today’s ground-based observations of gamma-ray astrophysical sources with

emission in the energy range from tens of GeV to hundreds of TeV are performed by Imaging

Atmospheric Cherenkov Telescope (IACT) arrays. The Single-Mirror Small-Sized Telescope (SST-

1M) is an IACT developed by a collaboration of institutions from Switzerland, Poland, and the

Czech Republic. The SST-1M features a Davies-Cotton (D-C) optical system which concentrates

most of the innovation in its camera [1] by adopting SiPM and fully digitising electronics. It was

originally designed to be part of an array of 70 similar SSTs [2], providing a cost-effective and

easy-to-maintain solution for the Cherenkov Telescope Array Observatory (CTAO) and satisfying its

sensitivity requirement to a flux of gamma-rays from astrophysical sources beyond energies of 3 TeV1.

In Sec. 2, we describe the general drivers of the SST-1M design and its concept. We then examine

each subsystem in detail concerning their design definition and prototype realisation: the mechanical

structure in Sec. 3.1 (including the drive system in Sec. 3.1.2), the optical system in Sec. 3.2, the

camera in Sec. 3.4, and the control system in Sec. 3.3. The validation of the three systems is described

in Sec. 4.

2 The SST-1M design general principles and drivers

2.1 Optical designs for IACTs

IACT optical designs are typically based on the Davies-Cotton or parabolic designs. Originally, the

D-C design was invented for the optics of a solar concentrator [4] as this system reduces the size of

off-axis optical aberrations for field of views (FoVs) of several degrees. These aberrations have a

lower value in comparison to a parabolic mirror with identical aperture, defined as f D, where D is

the optical surface diameter and f the focal length. The reason why the D-C is adopted in IACTs is

related to cost and ease of maintenance in the field, as they function without a protective dome. The

reflector of a D-C telescope is tessellated into identical elements with the same radius of curvature R,

shape and size arranged on a spherical surface (dish) with a radius of R2. The orientation of the mirror

segments is such that the light from the point-like source at infinity is reflected to the focal plane of

the D-C setup. The focal plane of the telescope is located at f ′ R2 (see Fig. 1). Identical segments

with a spherical reflective surface are easy to manufacture and can be easily adjusted or replaced

when necessary. In contrast, solutions, such as parabolic mirrors, cannot use identical segments for

the entire surface.

The reflective dish of a D-C design is not isochronous, unlike a parabolic dish. This is why

large telescopes, such as MAGIC [6], H.E.S.S. II [7] and the CTAO Large-Sized Telescopes (LSTs)

[8], adopt a parabolic design. In the D-C case, the time extension of light pulses grows more than

in parabolic designs with increasing focal length and decreasing aperture, which depends on the

telescope size. For instance, the first D-C telescope deployed in 1968, Whipple in Arizona at 1750 m

a.s.l., with a reflector diameter of 10 m and a focal length of 7.3 m, exhibits a pulse time extension

of approximately 6.5 ns, often larger than the gamma-ray Cherenkov pulses [9]. For the SST-1M, the

1At the time when the SST-1M was conceived, the sensitivity curves for point-sources of the CTAO Southern observatory

in Paranal, for different off-axis angles and 50 h of observations, were shown in Fig. 5 in Ref. [3]. The region beyond a few

TeV is dominated by an array of 70 SSTs. The SST-1M array sensitivity was below the 1% of the Crab flux above 10 TeV.
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Figure 4. The PSF vs. off-axis angle from measurements (see Sec. 4.2) and simulations obtained in the design

phase with Zemax and then with another ray-tracing and geometry simulation GrOptics (left).

the field of gamma-ray astronomy by the First G-APD Cherenkov Telescope (FACT) collaboration

[12]. It benefits from the low-cost and mass-producible semiconductor photosensing technology and

its robustness to continuous light (the night sky background or NSB, produced by starlight, reflections

of moonlight and by human activity). The FACT SiPM camera can safely operate with the Moon in

the field of view without risk of damage [13]. This robustness enables longer exposure times, as it

experiences minimal ageing and requires no human intervention to manage high levels of NSB. The

adoption of SiPMs also allows for a cost-effective and easy-maintenance system. The SST-1M and

FACT allow for a deep understanding of how to operate and calibrate SiPMs for long-term operation.

The SiPM sensors are lightweight, consume roughly an order of magnitude less power than

photomultiplier tubes (PMTs), and offer high photodetection efficiency (PDE). However, they have

the drawback of higher noise, which is influenced by their signal duration and capacitance, which

is proportional to size. SiPM provide a PDE that is 10-20 % higher than that of comparable PMTs.

Aditionally, their sensitivity surpasses that of the typical PMTs beyond 600 nm and extends to

wavelengths above 800 nm, unlike PMTs. While their higher dark count rate than PMTs at room

temperature is not a major concern as NSB dominates, their higher sensitivity in the red and near-

infrared regions requires the adoption of filters on the camera entrance window or the lightguides /

sensors. As the NSB increases in this wavelength region, the SST-1M Borofloat entrance window is

coated with a dichroic filter cutting wavelengths longer than 550 nm. Interestingly, the SST-1M has a

DC-coupled preamplifier camera electronics, unlike FACT which is AC-coupled. This configuration

allows for the monitoring of the NSB through changes of the baseline.
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Figure 5. The camera of an SST-1M at the Ondřejov site.

The camera pixel size, derived by the D-C formulas in Fig. 3, is constructed with a monolithic

hexagonal silicon photomultiplier, developed by Hamamatsu in cooperation with the University of

Geneva group. The SiPM has an approximate area of 1 cm2 [14], and is coupled to a lightguide that

extends the linear dimension of the pixel to 2.4 cm. The sensor has four channels, and their outputs

are pre-amplified and then summed.

The camera, also described in [1] and shown in Fig. 5, contains a total of 1296 pixels organised

into three sectors, with each sector divided into modules of 12 sensors. Analogue signals from the

pixels are routed to the crate-based electronics called DigiCam [15], where they are digitised using

independent 250 MSPS/12bit Flash Analog-to-Digital Converters (FADCs). Further processing,

including camera triggering and readout, is performed digitally in the FPGA chips. Such a fully

digital approach offers numerous advantages, such as dead-time-free operation, flexible triggering,

full waveform readout, and high performance.

The adoption of SiPMs allowed for a smaller mirror size compared to a D-C design using

PMTs, which would require a mirror diameter of about 7 m [16]. The prototype telescope, which

validated the design specifications, and the second telescope, which improved aspects concerning

easier maintenance and weatherproofing of the mechanics, are shown in Fig. 7.

3 The telescope design and prototyping

In the following, we discuss the project design of the main systems composing the SST-1M: the

mechanical structure with the drive system and control, the optical system, the camera, and the control

software.

3.1 The telescope structure and drive system

The SST-1M features a simple, compact, and lightweight mechanical structure with a total weight of

approximately 8.6 tons. The size and dimensions of the telescope are listed in Fig. 6. Designed to be

cost-effective and easy to build, transport, install, and maintain, the structure is predominantly made
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Focal Length 5600 ± 5 mm

f/D 1,4

Dish diameter 4 m

Mirror Area (*) 9.42 m
2

Mirror Effective Area (*) 6.47 m
2

Hexagonal Mirror facets  780 ± 3 mm

Mirror PSF D80 (requirement) 0.082° (8.1 mm)

Mirror PSF D80 (measured) 0.028° (2.7 mm)

Telescope PSF D80 (required) 0.25°   (24.4 mm)

Telescope PSF D80 (measured) On-Axis 0.082° (8 mm)

Camera dimensione (R/thickness) 810 mm / 900 mm

Total pixel number 1296

Pixel linear size 23.4 mm

Pixel angular size 0.24°

FoV  8.9°

PDE@470 nm, 8% X-talk (LCT/LVR) 23% / 54%

Sampling frequency 250 MHz

Maximum trigger rate (80/200 ns window) 12.5 / 5 MHz

Maximum readout rate (80/200 ns window) 22.6 / 9.4 kHz

Time Spread RMS < 0.25 ns

Telescope height pointing horizontally 4908 + 400 mm

Telescope height pointing vertically 9828 + 400 mm

Telescope length pointing horizontally 9098 mm

Telescope width 3310 mm

Elevation range -16° - 97° (± 1°)

Azimuth range ±280° ( ± 1°)

Max, Min speed  1, 4000 rpm

Gear ratio 2800

Oscillation modes 2.8 / 3.4 / 3.8 Hz

 Total Weight   8.6 t 
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Figure 6. Table of main SST-1M parameters. *) The mirror effective area takes the reflectivity of mirrors and the

telescope structure shadowing into account.

Figure 7. The first (left) and second (right) SST-1M installed at Ondřejov.
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from steel, using off-the-shelf steel profiles and tubes from the industry. The telescope frame fits into

a standard 12 m long container (2.3× 2.6× 12 m
3). Its compact design simplifies maintenance, as the

distance between the camera and the ground is only about 1 m when the telescope is parked. Despite

its simplicity, the design is robust and solid, suitable for sites at altitudes above 2 km and capable of

withstanding the environmental conditions at the southern array of CTAO in Chile.

In this section, we describe the design of the telescope structure and drive system. This

description is based on the design of the second telescope prototype, which incorporated improvements

and modifications made after constructing the first prototype.

3.1.1 The telescope frame

The CAD model of the telescope structure is shown in Fig. 8. The structure is composed of several

sub-systems. The mast (1) is directly connected to the dish support structure (2) to which the

counterweight (3) is also attached. This solution decouples the deformations of the mast from the

deformations of the dish (6). The mast positions the camera (4) from the reflecting mirror surface (5)

at the focal distance f . The mirrors are mounted on the dish. The dish support structure is mounted

on the telescope support (7). The docking station (8) locks the telescope in the parking position. The

telescope is also equipped with lightning protection rods (9). The movement of the telescope around

the elevation and the azimuth axes is realised using the IMO [17] slew drive and one roller bearing

for each axis. The slew drive is a compact system that combines a twin worm gear with a motor and a

roller bearing. Each axis is driven by two servo motors. The slew drives and servo motors of both the

azimuth and elevation drive systems are identical. The concept of the SST-1M drive system with IMO

slew drives and roller bearings, is developed in synergy with the solution used in the Medium-Sized

Telescopes (MSTs [18]) of CTAO.

The SST-1M support has two main components shown in Fig. 9: the tower (1) and the head (2).

The elements of the azimuth drive system (3) are incorporated into the tower and those of the elevation

drive system (4) are integrated into the head. As shown in Fig. 9 (a), the tower is bolted to a reinforced

concrete foundation (5). The part of the foundation above the ground level has a diameter of 1.4 m

and a height of 0.4 m. The elevation of the tower above ground level protects it from water ingress.

Inside the part below ground level, there is a steel anchor grid structure (6), with two reinforcement

rings manufactured for easy and precise installation and removal of the support from the foundation.

The slew drive (3) for the azimuth rotation of the telescope is fixed to the conical part of the

tower (the tower cap). Inside the tower, there is a roller bearing (8) connected to the azimuth slew

drive via a tube that stabilises the entire structure, Fig. 9 (b). The housing of the azimuth bearing is

built into the tower. The roller bearing and other components of the drive system can be accessed

via two openings (7) for installation and maintenance. The head is rotated by the azimuth slew drive,

Figs. 9 (a, c). The elevation drive system, including the slew drive (4) and the roller bearing (9), are

bolted to the pads of the circular tubes (10) incorporated into the forks of the dish support structure,

Fig. 9 (c).

The telescope design incorporates a novel solution for routing cables inside the tower and mast,

enhancing their protection. This system allows cables and pipes to rotate within the tower, as shown

in Fig. 10. Special flexible power and optical cables (1) have been selected for this purpose, and a

rotary union (2) is used for the pipes carrying cooling fluid to the camera.

The mirror dish, Fig. 11, is a welded structure made of square steel profiles of size 120 mm×120 mm

with a wall thickness of 4 mm. Thicker profiles of 6 mm are used at four points (1) where the dish

is connected to the dish support structure. The required spherical shape of the dish is achieved by

welding together two hexagonal sections using eight straight profiles in a star shape. On the dish,

18 pads (2) are welded. Precise machining of the pads is required after welding. Once the pads are

– 8 –











Figure 14. The IMO slew drive. Reproduced with permission of IMO Holding GmbH.

The elevation and azimuth drive systems enable rotations of the telescope around the horizontal

and vertical axes between −14
◦ (parking position) and 91

◦ and ±270
◦, respectively, Fig. 15. This

range is needed for telescope positioning during observations, technical tests, and stowing. It is

also assumed that in operation mode, the telescope can fast slew to any defined point in the sky

within 1 min, including 6 s for both the acceleration at a constant rate from the start position and the

deceleration. The resulting maximum angular velocities are ωmax,a 6
◦/s and ωmax,e 2

◦/s with respect

to the azimuth and the elevation axes, respectively. The pointing accuracy requirement is within 7

arcseconds, and the tracking accuracy should not exceed 5 arcminutes. The full range of telescope

movement in elevation and azimuth is shown in Fig. 15.

To meet these requirements, the drive system components have been chosen after calculating

mechanical torques and power needs. In these calculations, the telescope site is assumed to be at an

altitude of 2500 m, with operational temperatures ranging between -20◦C and +30◦C. The observation

mode assumes a maximum average wind velocity of 50 km/h over a 10 minutes, while the emergency

mode allows for safe parking of the telescope in conditions with wind velocity reaching up to 100 km/h,

including gusts. The maximum calculated total torques about the elevation and the azimuth axes are

3426 Nm and 6828 Nm, respectively, for a wind velocity of 50 km/h, and 6064 Nm and 11842 Nm for

a wind velocity of 100 km/h. The total torques are dominated by the wind torques. In the calculations

for the 50 km/h wind, the wind gust coefficient is assumed to take the value of 2.2, which is unrealistic

under normal operating conditions. Thus, the parameters of the drive system components selected

based on these calculations include a fair amount of safe margin.

In the process of selecting the drive system, the data obtained at a 50 km/h wind velocity were
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Elevation range (-14◦; 91◦)

Pos. 0◦

Parking -14◦

Obs. end 91◦

Obs. start 20◦

Parking
Pos. 0◦

Azimuth range

+270◦-270◦

Figure 15. Telescope movement range in elevation (a) and azimuth (b).

used to select the servo motors, which need to operate at their nominal speed during the observation

mode. The data obtained for the wind velocity of 100 km/h were used to define the parameters

of the gearboxes, which must withstand the loads during the safety-mode telescope parking. The

final selection of the drive system components was based on the aforementioned calculations, with

additional corrections to account for decreased motor efficiency at high altitudes, increased resistance

in the gears at negative temperatures, and increased resistance during emergency mode operation.

For both the azimuth and elevation axes, the worm drive WD-H 0373/3-00028 produced by IMO

was selected, with a gear ratio of 1:56. The synchronous servo motors chosen for both axes are

Bosch-Rexroth MKS70C-0450-NN, paired with the mechanically compatible planetary gear GTM

140-NN2-050, which has a gear ratio of 50, resulting in a total gear ratio of 2800. The motor speed

limit is set to 4000 rpm, but the Bosch-Rexroth motor can operate at speeds below 1 rpm. Using the

same components for both drives simplifies the system.

3.2 The SST-1M optical system

The optical system of the SST-1M provides the optical path for the Cherenkov light emitted by showers

in the atmosphere and concentrates it on the camera to be recorded. It consists of 18 hexagonal mirror

facets forming the telescope’s reflective dish, the mirror alignment system for proper orientation of

the mirror facets with respect to the focal plane by enabling mirror reorientation (see Sec. 3.2.2), and

the pointing system (see Sec. 3.2.3).
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Figure 21. Block diagram of the camera architecture. The content of just one of the 3 micro-crates needed to

read out 432 pixel each is shown.

feedback to the control code. The third level involves mechanical limit switches, which disconnect the

power supply if the telescope moves in an uncontrolled way. Since the movement range of the azimuth

axis is greater than ±270
◦, the system also includes a mechanical cross-switch to enable clockwise

and anti-clock-wise rotations of the telescope.

A simplified concept of the drive control system for the SST-1M is shown in Fig. 20. The drive

system is powered with a high-voltage 400 V three-phase maximum 64 A current. The main HV

Power Supply provides 750 V DC power to the four motion controllers via a DC bus. The controllers

convert the DC to 400 V AC supplied directly to the servo motors of the azimuth and elevation drive

units. The power source is connected through a filter and a choke system. The main electric power

source also supplies a low-voltage 24 V DC power for the slow control components of the drive system,

including the main PLC driver. For redundancy, the 24 V power supply is connected with the PLC

driver through a battery module composed of a Siemens UPS and a 24 V DC battery. This ensures

power to the PLC driver even if the main 24 V DC source is lost. In such a case, the UPS switches to

battery power. Instead of hard wires, DC bus splints are used to connect the HV power supply to the

four motion controllers. Thin copper plates connect the power supply and motion controllers on both

the high and low-voltage sides. They minimise unnecessary cabling, enhance safety against electrical

shocks, and optimise the control cabinet space.

The main HV power supply is equipped with several extra input slots for auxiliary components,

including mechanical end-switches. If a signal from any mechanical limit switch is detected, the main

HV power supply cuts the power to the motion controllers. The connection between the motor control

units and servo motors is provided through two types of shielded cables: one for the motor supply

and the other for the encoder built into the motor shaft. These cables are custom-designed for the

SST-1M by Bosch Rexroth. The main PLC and the Supervisory PLC are connected to the OPC-UA

server of the OES, allowing for remote control. PLCs communicate via Profibus interface, where the

Supervisory PLC sends commands, and the main PLC controls the motors via Sercos 3 interface. In

the event of a main PLC failure, the Supervisory PLC recognises it and switches the mode using the

digital outputs (I/O Control) of the drives. The safety algorithm uses feedback from electronic limit

switches.

Each axis of the telescope is driven by two servo motors in a MASTER/SLAVE configuration

with external encoders for each axis sending signals to the MASTER controllers. This setup eliminates

backlash in bearings and gears, ensuring precise tracking. Independent microprocessors cross-check

the encoder signals, allowing movement only if both acknowledge a correct position, enhancing

accuracy. The synchronous operation, with torque differences fed to a PID controller, allows precise
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SLAVE motor control. For high acceleration, both drives can supply torque in the same direction,

reducing costs for motors, gears, and converters. Built-in safety-on-board functionality suspends

movement commands and initiates a movement to the park position if discrepancies are detected,

ensuring reliability and safety.

3.4 The DigiCam SiPM-based camera design

The camera adopts an “horizontal” architecture similar to the MST camera based on photomultipliers

and named FlashCam [21]. Its building blocks are: the photo-detection plane (PDP), the readout

electronics (DigiCam) with its trigger system, and the data acquisition system in the camera server

(DAQ) (see Fig. 21). DigiCam is a further developed version of FlashCam to achieve a compact and

lightweight design with the SiPM technology instead of PMTs adopted by the MST camera. The

design of the digital readout and trigger systems (DigiCam) foresees compact and high performance

electronics, which at the same time has to be as standard as possible to be easily mass-producible.

As a comparison, if FlashCam was used for the SST-1M, 9 mini-crates would have been needed with

a total dimension of 1.2 × 0.65 × 0.3 m3 not fitting the camera chassis. In addition, it would have

implied 324 cables routing analogue signals along the telescope mast to reach the electronics, which

would have travelled over 12 m long cables. This implied a significant risk of signal degradation

(cross-talk, ElectroMagnetic Compatibility or EMC, etc...).

The lower trigger rate and lower number of camera pixels expected for the SST-1M compared

to the MST, due to the larger diameter (about 4 m for the SST-1M and 12 m for the MST) reduce the

required total throughput of the camera data. More channels can be served by a single board for the

SST-1M making its design more compact than FlashCam. Moreover, the reduced number of boards

also simplifies the interconnections between the micro-crates that are needed to transfer the data for

triggering across the system. From the original 192 cables needed for triggering, only three Infiniband

cables of 10 Gb/s are needed for SST-1M. Additionally, more powerful FPGAs have been selected in

order to provide further flexibility to the trigger algorithms.

Besides these advantages, improving the reliability, maintainability, operational stability, and

physics performance were among the main design prerequisites of DigiCam. The approach used for

DigiCam of having fully digital electronics is also very innovative in the gamma astronomy field. The

signals routed via analogue cables from the PDP are digitised in DigiCam, by FADC converters and

stored in digital ring buffers for their subsequent elaboration. The temporarily stored data is used

by the FPGAs of the system to produce trigger decisions and send them to the data processing and

archiving. This approach is highly flexible as the trigger logic, the amount and the type of transferred

information are completely defined by the FPGA logic that can evolve over time. Moreover, the size

of the DDR3 SDRAM memory (SODIMM) on the trigger cards, used for event buffering, can be

changed according to the requirements of different trigger algorithms.

The camera (see its picture on the field in Fig. 5 and its exploded CAD view in Fig. 22) is

conceived in a hexagonal chassis and its total weight is less than 200 kg, with camera structure

including entrance window weighting 64 kg, readout micro-crates 41 kg (including power supplies

and cables) and the PDP of about 80 kg in total. The PDP is equipped with 1296 pixels organised in

108 modules. Each hexagonal pixel has an angular size of 0.24◦, which translates into a camera FoV

of about 9◦. The DigiCam readout is distributed in three micro-crates hosting the functional boards.

Each micro-crate collects the data from a specific sector of the PDP, realising three independent sectors

of the camera. The camera components are shown in Fig. 22 for the prototype camera (the second

has some mechanical differences). The PDP, the camera mechanical structure, including the shutter,

its assembly, housekeeping, and calibration boards are coordinated and developed by the University

of Geneva. The DigiCam digital signal acquisition and readout systems are developed by the team of
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Figure 22. Exploded view of the first camera prototype. The key element of the structure discussed in this

section are indicated.

the Jagiellonian University with contributions from the AGH University of Science and Technology,

Krakow.

3.4.1 The photo-detection plane

The PDP is composed of several innovative elements that are illustrated in Fig. 24 from the back of

the camera to the front.

The entrance window: The aperture of the Cherenkov camera is composed of a 3 mm thick

Borofloat window on which a narrow band optical filter of dielectric layers and an anti-reflective

coating are deposited [1]. The window is visible in Fig. 23 reflecting sunlight at dusk in the yellow.

While it allows for air shower-induced Cherenkov light transmission to the pixel sensors, it has a

dielectric multi-layer coating reflecting wavelengths beyond 550 nm. The spatial uniformity of the

window transmittance over the large area of the window of ≃ 0.81 m
2 is a challenge to be achieved by

coating companies. For the two developed windows, the coating is deposited while the about 1 m-large

window rotates in the coating chamber around its centre and, therefore, the coating profile has radial

symmetry and lowest transmission at the holder position in the centre. The obtained non-uniformity

along the 6 diagonals of the cameras from the centre to the frame was . 2%. The camera window is

effective in reducing the NSB in each pixel to about 40 MHz considering all wavelengths from 200 nm
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Figure 23. Camera 3D CAD Model. Front view with one sector with a module installed and the front window

Light guide

Hexagonal sensor

Pre-amplifier board

Slow control board

Gap filler

Figure 24. Blow-up CAD of a PDP module (left) and its picture partially assembled (right). There are 108

modules in the PDP each weighting 300 g.
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to 1000 nm after passage through the filter. With an automatic test setup of the window transmission

we measured the light transmission efficiency which is shown in Fig. 11 (right) in [22]. The overall

reduction of the NSB thanks to the filter is a factor of 3.75.

The photosensors: SiPMs have become the preferred photosensors for many applications in high-

energy particle and astroparticle physics, due to their low input voltage, lightweight, good time

resolution, ability to work in the presence of continuous light, and high PDE. Consequently, they are

a good choice for IACT cameras, as the pioneering work of FACT demonstrated (see Sec. 2.2). To

achieve the desired performance with the chosen optics, the telescope camera is composed of 1296

pixels, each of 2.32 cm linear size and angular opening of ∼ 0.24
◦, providing in total about 9

◦ FoV.

More details on the camera, its design and performance can be found in [1].

To have a spatial uniform response of the camera, the pixels should have a circular shape to

ensure the same distance between their centres in every direction. Nonetheless, a circular shape would

introduce large dead spaces, and so the selected pixels are hexagonal. A hexagonal SiPM device,

named S10943-2832(X), has been designed in collaboration with Hamamatsu and is shown in Fig. 25.

This device is based on the so-called low cross-talk technology LCT2, which was available when

the camera design was done. Currently, the next generation of devices is on market such as LCT5

(S13360) and LVR (S13360). The LCT5 offers better performance than LCT2 in terms of PDE and

cross talk. The sensor area is around 93.6 mm2 with linear size of 9.3 mm. The Winston cone design,

shown on the right of Fig. 25, is also described in [11]. The sensor capacitance is directly related

to its active area and this has an impact on the signal decay time and consequently on the read-out

electronics noise.

The sensor has a common cathode, but a tight requirement of 0.2 mV on the spread of over-

voltage between the four channels ensure a small gain disparity across the sensor surface. The signal

is readout on four independent anodes, grouped by two and amplified before being summed, as shown

in Fig. 25 (left).

On each sensor package, an NTC thermistor is present, which is used to monitor the temperature

variations affecting the operational parameters of the sensor, such as the dark count rate (DCR) but

also all parameters depending on the value of the Vbreakdown, namely the gain and PDE, for which a

real-time correction can be applied to keep the working point stable [23].

The front-end electronics The front-end boards read out the sensor and amplify the signals, which

are input to the DigiCam FADCs. It is named pre-amplifier board (PAB) and its design and perfor-

mance are detailed in [23]. From each sensor, the sum of the four channels is passed to DigiCam via

differential signals.

The design of the pre-amplifier chain was based on the following specifications, aiming at

achieving high performance even in the presence of moonlight:

• The SiPMs are DC coupled to monitor the current and correct for the NSB change effects,

unlike other SiPM-based IACT cameras, such as the FACT [12] and the ASTRI ones [24]. The

DC coupling also improves the ability to determine the signal developing on top of the NSB

level. The DC level is measured in the DigiCam FPGA so that it can be monitored in real time

and the trigger threshold can be dynamically adapted to variable levels of NSB.

• The dynamic range should be 1 to 2000 p.e. per sensor.

• An amplification of 3-4 mV per p.e has to be ensured to make the camera immune to noise and

cope with the limited input swing of the DigiCam ADC of ∼ 1.4 V).

• The electronic noise has to be lower than the baseline of 0.3 mV RMS. This corresponds to the

LSB value of the 12-bit ADC (1400 mV/4096).
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Figure 26. Camera 3D CAD Model. Side view showing the micro-crate and the power supplies below.

capable of reprogramming all the boards of all telescopes simply and efficiently in case this is needed

(bug/ failure, etc.). The SCB functionalities have been tested and validated with electronic tests and

temperature variation tests in a climate chamber.

3.4.2 The DigiCam readout electronics

The digital subsystem of the camera comprises three micro-crates visible on Fig. 26, each managing

a third of the PDP area. Each crate includes nine ADC boards and one trigger board, processing

signals from 432 pixels through standard CAT5/6 cables. The ADC boards digitise the PDP analog

signals, store them in digital ring buffers, and calculate the first-level trigger (L0) signals that are sent

to the trigger board. The ADC boards use high-speed A/D converters and an FPGA for efficient data

handling. The chosen converters, such as the AD9239 from Analogue Devices, offer high-speed data

transfer and low power consumption. The FPGA processes and stores data in buffers, allowing for

extensive continuous waveform recording. Data transfer to the trigger board is facilitated by a 1 Gb/s

link, supporting the transmission of up to 20’000 events/s.

The L0 trigger relies on triplets of 3-neighbour pixels for triggering, and the trigger board

processes these signals to generate the L1 trigger signal. The trigger decision is distributed across the

entire digital system. The trigger board also gathers event data from ADC boards and sends them to the

central acquisition system via a master trigger card. Equipped with an FPGA and DDR3 memory, the

trigger board handles high-speed data processing and synchronisation tasks. It ensures synchronised

trigger signals across all crates and manages the data flow to the central acquisition system.

The camera internal connections include a custom-designed backplane within each crate and

high-throughput cables connecting all crates. The backplane connects ADC boards to the trigger

board, while the cables facilitate data exchange and synchronisation between crates. To enhance
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reliability and manageability, the system includes an FPGA reconfiguration management solution,

allowing for multiple configuration revisions stored in Flash memory. The camera uses the White

Rabbit solution for clock synchronisation and time reference, ensuring all components work in unison.

The master trigger card synchronises the local clock with the White Rabbit network and manages time

synchronisation across all cards. In Sec. 4.4 we discuss relevant measurements to validate the camera

performance and in Sec. 4.6 some aspects of camera operation.

3.4.3 The mechanics and cooling

The mechanics of the chassis of the prototype has been designed at first to minimise production cost

with patch panels. As visible in Fig. 22, the chassis is built out of several aluminium parts assembled

using nuts and bolts. Six side panels and one patch panel mounted on the back plate provide access to

the core component of the camera for assembly and maintenance activities. Despite having sealed the

all panels and nuts, the mechanics was not fully water tight when operating at IFJ-PAN first testing site.

Currently, it is operated using an watertight cover. The chassis of the second camera has been entirely

redesigned to avoid, as much as possible, water and dust ingress; the frame of the chassis is machined

in a single block of aluminium while being assembled; the patch panels and the six side panels are

equipped with O-rings; there are no through-holes. Now the chassis satisfies the requirement of IP65

to stand hard weather conditions and watering on the camera.

The camera cooling is divided into a part serving the PDP and a part for the readout electronics.

Its flow chart is shown in Fig. 27 and its conception and validation have been described in [1]. Each

channel of the PDP requires a power of 0.38 W for a total of 500 W in operation. The PDP conduction

cooling is designed to maintain its temperature between 15 − 20
◦C. The cooling system principle is

based on conduction for the PDP. Both the PAB and SCB design are optimised to better in-plane

conduction by increasing the copper layer thickness. As visible in Fig. 24, to improve the out-of-

plane conductivity the PAB, the SCB and the back plate are thermally connected using a thermal

gap filler. The cooling of the PDP is achieved by having cold water circulating in small aluminium

pipes distributed across the back plate as shown in Fig. 22. The pipes are thermally connected to

the back plate via small cooling blocks. These blocks are also used to mounted the four brass nuts

which ensure good thermal contact between the modules and the back plate. Because of the power

density in the DigiCam micro crate, both conduction and convection are used. Each board is equipped

with an aluminium plate which makes thermal contact with the components having the highest heat

dissipation (FPGA, FADCs, power stage). In the first camera prototype, the heat from the plate is

extracted thanks to removable heat pipes that connect the aluminium plate to the cold block through

which the water is running. The efficiency of the heat pipes is maximum when they are installed

vertically. In order to ensure that independently of the pointing direction similar performance would

be obtained, The crates, and therefore the heat pipes, are there oriented at 45◦ which ensure maximum

efficiency for a zenith angle of 45◦. Due the small size of the camera, the heat pipes cannot be removed

without extracting the crate from the chassis. This has been identified as a issue for potential corrective

maintenance activities and addressed with the second camera design as described in Sec. 4.6. For

both camera prototypes, fans in push configuration are mounted at the bottom of the crates.

3.4.4 The auxiliary systems

The environmental conditions inside the camera together with a few other monitoring and controls

are realised via the so-called housekeeping board. The board can trigger an alarm to the PLC and

also send the probes reading to the PLC which can then react in case of problems. Furthermore, a

few probes in critical points will be also directly connected to the PLC which gives to this system

the required redundancy, especially during the daytime when the system is off and unattended. The
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Elevation angle

Modes 0◦ 25◦ 45◦ 90◦

I [Hz] 3.48 3.47 3.46 3.47

II [Hz] 3.80 3.82 3.86 3.97

III [Hz] 7.50 8.47 9.44 7.41

IV [Hz] 10.20 10.70 9.81 10.50

V [Hz] 12.10 11.10 11.10 11.70

Table 1. Five lowest normal frequencies of the telescope frame for different elevation angles.

that stresses in the link elements under gravity load range from 55 MPa to 147 MPa, justifying the

need for pre-tensioning. The 5100 N pre-stress provides a safety margin for combined loads such as

gravity and wind.

Modal analysis: Assuming that the steel rods are pre-stressed with 5100 N, the modal analysis

of the telescope was performed. The calculated values of the five lowest frequencies are presented

in Tab. 1 for the telescope in the horizontal position and for three other elevation angles. It can be

noted that the eigenfrequencies are always well above the 2.5 Hz lower limit and weakly depend on

the elevation angle. The shape of the modes for the three lowest frequencies is related to the camera

movement in the vertical plane, the camera movement in the horizontal plane, and the mast rotation

around its main axis, respectively.

Forces and moments in the elevation and azimuth drives and bearings: For the seismic analysis,

the response spectrum for Chile/Armazones with PGA=0.49 g with 2% damping for horizontal and

vertical directions was applied. Calculations were performed for the telescope at four elevation angles:

−13
◦, 0

◦, 45
◦, and 90

◦. At the parking position (−13
◦), the telescope is docked at a single locking

point. The results show that maximum forces in the drives and bearings, under both gravity and

seismic loads, are 186.6 kN and 100.4 kN for the azimuth and elevation drives, and 96.3 kN and

91.5 kN for the azimuth and elevation bearings, respectively. The forces are significantly lower than

the allowable limits of 2184 kN for the drives and 1250 kN for the bearings. The maximum axial

moments are 86.6 kNm and 68.2 kNm at the azimuth and elevation drives, respectively, below the

allowable axial torque of 94.8 kNm. The maximum radial moments are 112.5 kNm and 49.4 kNm at

the azimuth and elevation drives, respectively. While the allowable radial torque is not specified for

the drives used in SST-1M, it is estimated to be no less than 540 kNm. Radial moments in the bearings

are small and read 28.1 kNm and 41.8 kNm, for the azimuth and elevation bearings, respectively.

Displacements and the equivalent stresses from seismic loads were also calculated. The maxi-

mum displacement is about 42 mm at the camera and the maximum equivalent stress is 165 MPa.

Relative displacements of the camera and mirrors: The optical performance of the telescope

degrades under gravity, wind, and thermal loads, primarily depending on the telescope’s stiffness. To

quantify this degradation, calculations of telescope displacements were performed under these loads

in a local coordinate system (Fig. 28). The x-axis and y-axis lie in the focal plane of the camera, with

the x-axis always horizontal (for all elevation angles) and the z-axis originating at the mirror dish

center. Displacements and rotations for each mirror were measured at three mirror support points.

Calculations were made for mast elevation angles from 25
◦ to 95

◦, focusing on several parameters:

mirror displacement from the camera centre in the xy-plane (UW1), change in distance between a

mirror and the camera along the z-axis (UWZ, a change in focal length for a given mirror), mirror

rotation around the x-axis (RotXm), mirror rotation around the y-axis (RotYm), and position change
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Elevation angle

35
◦

45
◦

65
◦

75
◦

95
◦

UW1 [mm] 1.0 1.0 1.0 0.9 0.7

UWZ [mm] 0.3 0.3 0.3 0.3 0.2

RotXm [mrad] 0.2 0.2 0.2 0.2 0.1

RotYm [mrad] -0.1 -0.1 -0.1 -0.1 -0.1

UW (mm) 0.6 0.6 0.6 0.3 0.2

Table 3. Optical performance degradation of the telescope under the wind load in observation mode conditions

with a mean wind velocity of 36 km/h.

Elevation angle

35
◦

45
◦

65
◦

75
◦

95
◦

UW1 [mm] 8.1 8.6 7.9 7.1 5.7

UWZ [mm] 2.6 2.7 2.6 2.0 1.5

RotXm [mrad] 1.9 1.9 1.7 1.3 0.8

RotYm [mrad] -1.0 -0.9 -0.8 -0.7 -0.6

UW (mm) 4.7 4.6 3.3 2.4 1.8

Table 4. Optical performance degradation of the telescope under the wind load in emergency mode conditions

with a mean wind velocity of 100 km/h.

Elevation angle from 25
◦ to 90

◦

UW1 [mm] 1.1

UWZ [mm] 3.1

RotXm [mrad] 0.1

RotYm [mrad] 0.07

UW [mm] 0.7

Table 5. The optical performance degradation of the telescope under thermal load of ∆T −45
◦C.

25◦C, implying similar temperature changes in the telescope structure. With summertime temperatures

approaching 30◦C, the total temperature difference during observations can reach ∆T 45
◦C. The

optical performance degradation under this thermal load is presented in Tab. 5. Note that the

analysed scenario represents an extreme case and temperature changes occur slower than 7.5◦C/hour

(as specified for CTAO sites). Such changes are expected to result in uniform temperature variations

across the structure rather than strong gradients. Therefore, contributions from temperature changes

are negligible.

In summary, under combined gravity, wind loads of V 36 km/h, and thermal load, the total

relative deflection of the camera with respect to the dish does not exceed 5 mm, thus is well within

1/3 of the physical pixel size limit (8.1 mm). The optical performance shows only slight degradation

with increasing wind speed. At an average wind velocity of 100 km/h, camera deflections are not

larger than 9 mm, indicating about 10% degradation of the PSF. Thus, it can be assumed that the

optical performance of the SST-1M would meet specifications even under wind conditions with mean

velocities up to 100 km/h.

Deformation and stress analysis for the telescope in the parking position with one support point:

The telescope in the parking position is locked with one actuator and only side movements of the mast
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are fully blocked and displacements along the main axis of the mast are allowed. The connection can

thus accommodate the thermal, wind, and other stresses without incurring damage to the telescope. To

verify this, a dedicated FEM calculation was performed, analysing different load cases (i.e., seismic,

gravity, temperature gradients, snow, ice, and wind) separately and in combination.

Displacements and stresses for seismic loads alone have been already discussed above. The

maximum displacement is about 10 mm, and the maximum equivalent stress is not higher than

127 MPa. For the combined load of gravity, temperature (±45◦C from the no-stress state), wind

(survival condition with a mean wind velocity of 200 km/h and a gust factor of 1.7), snow and ice,

the maximum displacement is about 18 mm, and the maximum equivalent stress is about 92 MPa.

The equivalent stress limit is about 235 MPa. This indicates that the combined load case analysed

would not cause plastic deformations to the structure. When combining these loads with seismic load,

an unlikely real-world scenario, the maximum displacement is 28 mm, and the maximum equivalent

stress is 220 MPa, still below the plastic deformation limit. In this extreme case, forces in the drives

are not larger than 202 kN, and forces in the bearings are not greater than 136 kN. The axial moments

reach maximum values of 64.7 kNm and 91.0 kNm at the azimuth and elevation drives, respectively.

All forces and moments remain well below their limits. Based on these results, we can reiterate our

earlier conclusions that both the drives and bearings in the telescope can carry forces and torques

generated by winds and earthquakes.

Deformations of the telescope caused by slewed accelerations: Assume a scenario where the

telescope is slewing with the maximum allowable angular acceleration of 0.036 rad/s2 and is suddenly

halted. In this case, we can estimate the dynamic force exerted on the mast. Additionally, given the two

lowest natural frequencies of the telescope, which correspond to horizontal and vertical movements

of the camera, we can estimate the dynamic displacements of the camera in these directions due to

the acceleration during the repositioning of the telescope. These estimates indicate that the maximum

camera displacement caused by the slewing acceleration is below 1.2 mm.

4.2 Validation of the optical design

4.2.1 The mirror alignment procedure

The alignment of the mirror facets is practically done using the pre-alignment and the fine alignment

methods. As a pre-alignment procedure, the FACT Bokeh Mirror Orientation Method [12] is used

after mirror installation or replacement of facets, Fig. 29. A light source is located at a far distance

(tens of meters) on the optical axis of the telescope and illuminates the telescope mirrors. The image

of the source is observed on a PSF screen covering the entire lid of the telescope camera. It consists

of the combination of 18 separate images of individual mirrors. The source positions on the screen

are simulated and compared with the measurements. The alignment procedure involves gradually

adjusting the positions of individual mirror images to their ideal calculated positions. The advantage

of this procedure is that it allows for the alignment of the mirrors under sunset conditions. The Bokeh

method itself does not fulfil the D80 specification, thus the fine alignment method needs to be used.

In the fine alignment step, a dedicated fixed PSF screen mounted on the telescope camera lid is

used to optimise the PSF using a bright star in the centre of the FOV of the telescope. A PSF CCD

camera installed in the centre of the dish acquires the images and serves for the Bokeh alignment and

the PSF monitor. An automated procedure moves the individual mirror facets and overlaps the images

of the star of a mirror facet to the optical axis of the telescope to minimise the D80. The PSF can be

periodically monitored by closing the lid and pointing to a bright star.
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Figure 29. Setup for mirror alignment using the Bokeh method at the SST-1M prototype (left). The point-like

laser source is placed at a distance of about 30 m, illuminating the screen placed in front of the telescope

camera. The image of the close-distance point source is simulated and the individual mirror facet point source

images are moved to a given position on the screen. The middle and right pictures show the facet images before

and after alignment, respectively.

4.2.2 The optical point spread function of the telescope

The telescope is equipped with two CCD cameras (PSF and pointing camera) located in the centre of

the telescope dish oriented towards the Cherenkov camera. The lid of the Cherenkov camera is covered

with a plastic flat screen serving as a pointing screen and a small PSF screen for PSF monitoring. The

PSF camera observes the image of a bright star on the PSF screen during the telescope tracking and

serves as the PSF control system.

The PSF represents the optical quality of the telescope. We define the PSF as the angular

diameter of a circle containing 80% of the photons emitted by a point source, denoted by D80. The

centre of the circle is chosen to be the centre of gravity of the photon distribution. Given that the spot

profile at the focal plane is not necessarily symmetrical, we define D80 by starting from the centre of

gravity of the photon distribution and integrating the signal in larger and larger circles until 80% of

the total emission is reached. For the camera field of view of 9◦, the PSF needs to be determined for

light rays coming from a source located at
√

0.8 × 4.5
◦, i.e. at 4◦ off-axis. The PSF simulation for

the various field of view of the telescope using two independent simulation tools is shown in Fig. 4.

The simulation is compared with the real measured PSF of the telescope in Sec. 2 and it is shown in

2 dimensions in Fig. 30.

4.2.3 Pointing precision of the telescope

The pointing system is based on the analysis of the star field reflected by the mirrors on the lid

screen. The image is analysed by the TheSkyTM TPointTM software [25]. Dedicated pointing runs are

performed that involve changing the pointing direction of the telescope and capturing star field images

on the lid screen for different azimuth/elevation points. These images are analysed using the analysis

scripts and TPoint software, Fig. 31. The resulting pointing corrections are then implemented to the

drive system of the telescope. The Cherenkov camera is equipped with 6 LEDs located at the edge of

the camera body. Once the star-filed image is acquired, the LEDs are turned on and the same pointing

camera acquires the image. The star field is projected onto a special surface in front of the telescope’s

camera. The actual direction of the telescope is determined by astrometry, where the centre of the

telescope camera, determined by the LEDs, is pointing on the Sky field. The Tpoint program then
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4.3 Validation of mechanical design

4.3.1 Prototype structure tests

Several measurements and tests of the first telescope prototype have been performed. The methods

used and the main results of these tests are summarised below.

Geodesic measurements: The geodesic measurements were conducted by external specialised

teams from AGH University of Science and Technology in Krakow. They aimed to verify the

telescope structure parameters against specifications concerning error aggregation on the focal length,

relative deformation of the camera and mirror dish, relative orientation of the telescope axes, and the

reproducibility of mechanical deformations.

Structure measurements were performed using a network of 8 electronic tachymeters and

rangefinders, surveying 20 symmetrical points on the telescope structure. Some of these points

were in parts of the structure expected to experience minimal deformation, serving as references

for determining static deformations. The mean accuracy of the measurements was ±0.5 mm, with

meaningful deformations considered to be at least three times this value (±1.5 mm). Measurements

were taken at five elevation angles (−13
◦, 0

◦ (twice), 45
◦, and 95

◦) for an azimuth angle of 0
◦, and

seven azimuth positions (0◦, ±90
◦, ±180

◦, ±270
◦) for an elevation angle of 0

◦.

Results show that deformations affecting the focal length with elevation changes were negligible,

not exceeding 1.3 mm. Relative deformations between the camera and mirror dish reached 2.5 mm,

increasing with changes in the elevation angle from 95
◦ to the parking position (−13

◦), consistent

with FEM analysis estimates. No deformations were observed with changes in the azimuth angle, as

expected. Mechanical deformations were consistently reproducible at each surveyed position. The

relative orientation of the azimuth and elevation axes was determined, with the angle between the

azimuth and elevation planes at 90
◦
04
′
50
′′ and the tilt angle of the azimuth axis with respect to the

zenith at 0
◦
05
′
55
′′.

Modal analysis with interferometric radar: A limited modal analysis of the telescope structure

was conducted using interferometric radar. At a telescope position with a 135
◦ azimuth angle and 10

◦

elevation angle, displacements along the radar axis were measured for all excitations. The sampling

frequency was 197.75 Hz, providing a spectral resolution of ∆ f 0.012 Hz. The identified modes of

the telescope were observed at frequencies 2.76 Hz, 26.87 Hz, 32.58 Hz, and higher (see Fig. 32),

showing minimal dependence on the type and strength of excitation. The lowest measured frequency

ranged from 2.68 Hz to 2.80 Hz, consistent with full spectral analysis using accelerometers (see below)

and FEM calculations (see Sec. 4.1). The geodesic method did not detect frequencies predicted by

our FEM model above the lowest eigenfrequency and below the second peak at 26.87 Hz.

Full modal analysis: To fully identify the spectrum of natural modes of the telescope structure,

additional modal experiments were conducted using piezoelectric accelerometers by a specialised

team from AGH in Krakow. Two accelerometers were used – one at the bottom of the dish support

structure and another on the back of the camera box. The structure was excited with a PCB 086D20

impact hammer at various points on the frame and different directions. Points of excitation were

approximately the same across different elevation angles (−10
◦ – close to parking position, but

telescope not locked in docking station, −13
◦ – telescope locked, 45

◦ and 90
◦), except near the camera

box at 45
◦ and 90

◦ angles. Nineteen modal experiments were performed, varying the excitation points

(dish support, mast, camera box, counterweight) and directions (x, y, z). Some measurements were

conducted with the drives activated (typical during observation) and others with the drives turned off

and brakes engaged (as in the parking position). The reference frame was centered at the base of
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exc. point DS DS CW CW M M

direction y z y z y z

Elevation angle 45
◦

drive on/off on on on on on on

exp. # P6 P7 P8 P9 P10 P11

Natural frequencies

I [Hz] 2.97 3.16 2.92 3.06

II [Hz] 3.46 3.45 3.48

III [Hz] 8.59 8.59 8.54 8.56 8.57 8.58

IV [Hz] 8.94 9.06 8.88 9.07 9.09 9.13

V [Hz] 9.83 9.91 9.10 9.91 10.04

Table 7. Natural frequencies of the telescope frame at 45
◦ elevation angle. "DS", "CW", and "M" in the

row listing the excitation points stand for the dish support, counterweight, and the mast, respectively. For all

experiments the drives were turned on. Compare Tab. 6.

exc. point M M DS DS CW CW

direction z y y z y z

Elevation angle 90
◦

drive on/off on on on on on on

exp. # P12 P13 P14 P15 P16 P17

Natural frequencies

I [Hz] 2.87 2.61

II [Hz] 3.25 3.46 3.47 3.46 3.47

III [Hz] 3.82

IV [Hz] 6.58 6.68 6.79

V [Hz] 7.18 7.09 7.07 7.03 7.06 7.08

Table 8. Natural frequencies of the telescope frame at 90
◦ elevation angle. Compare Tab. 6.

Tab. 6-8 display five lowest natural frequencies for the three elevation angles and 18 measure-

ments in which the telescope was not locked in the docking station. The lowest frequency of 2.61 Hz

was detected at the 90
◦ elevation angle, whereas typical frequencies for the first mode were approxi-

mately 2.8 Hz. Excitation direction and point variations minimally affected these frequencies, though

some modes were occasionally not visible under specific excitation conditions. The analysis indicated

that frequencies with drives on were approximately 0.2 Hz lower than with brakes engaged. Note,

that these modal measurement results are in good agreement with the geodesic measurements. The

measured frequencies are somewhat lower than FEM simulated values (see Sec. 4.1), consistent with

the simplifications made in the FEM model of the telescope structure. The 19
th measurement, with

the telescope locked in the docking station and the excitation at the camera box in the z-direction,

showed increased natural frequencies at 4.03 Hz, 5.39 Hz, 6.68 Hz, 7.85 Hz, and 9.23 Hz, as expected.

Drive control tests: To verify the positioning accuracy of the telescope and detect any structural

vibrations during slewing, step response measurements were conducted for various target positions.

Example results for targets in the observation range are shown in Fig. 33. The control software

operated under default settings, including an elevation speed of 400 rpm with an acceleration of

3.5 rad/s2, and an azimuth speed of 1400 rpm with an acceleration of 12.45 rad/s2. Position data were
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Figure 40. Control cabinet of the prototype telescope.

wet, with the slab placed at least 2.0 m below the ground level. An anchoring basket for the telescope

is embedded in the pedestal (see Sec. 3.1.1). The construction materials include frost-resistant F100

concrete C30/37, lean concrete C8/10, ribbed reinforcing steel A-IIIN–BSt-500S, and plain reinforcing

steel A-0–St0S. Dimensioned vertical and horizontal projections of the foundation and the docking

station are shown in Fig. 41 and 42.

Both telescopes, despite their similar design, have several significant differences. Compared to

the prototype, the second telescope profits of some improvement, thanks to the lessons learned from

the prototype testing and commissioning. The most important upgrades to mention are:

Structure: In telescope 1, cables and cooling fluid pipes are running outside the structure in the

flexible tube behind the telescope and along the mast. In telescope 2, the routing was implemented

inside the tower and mast using dedicated twisting system and rotary union for pipes. This required the

use of larger diameter circular steel tubes in the mast structure. Only motor power cables were routed

outside due to the interference with the operation of other signal cables inside the tower. Telescope 2

has also a new encoder system and an additional access door in the tower.

Camera: As described in Sec. 4.4, the spatial uniformity and transmission in the 280-540 nm band

of the entrance window has been improved. The bias stage sensitivity to variations of the NSB level

has been decreased by replacing the 10 kΩ bias resistor by a 2.4 kΩ one. The design of the DigiCam

crates cooling has been modified. Their new position in the chassis allows for full access to the

front part of DigiCam from the patch panel. Finally, the FADCs, both sampling at 250 MHz with a

resolution of 12 bits, are of different manufacturer (Analog and Renegas, former Intersil).
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Figure 43. The location of the two SST-1Ms at the Ondřejov observatory (left). The layout of the telescope

surroundings. The telescope is secured with a fence accessible via a gate. The camera servers and all necessary

control electronics are located in a wooden booth at the top right of the image on the right image. The DAQ

and slow control are located in the control cabinet next to the chiller.

The observations with the SST-1M mini-array are limited by the continental climate of the site,

which includes relatively high humidity, warm summers, and rainy autumns and winters. Additionally,

the proximity of nearby villages and towns increases the NSB level. Despite these limitations, the

location is still suitable for observing standard prominent gamma ray sources, such as the Crab nebula,

Mrk 421, Mrk 501, 1ES 1959+650, and more.

4.7 Data acquisition and stereo trigger

The readout chain is implemented as follow: Upon reception of a trigger, each telescope sends the

packets containing the event data to the Camera Server software. Each instance of the acquisition

software runs on a different server. If a full event for a given telescope can be assembled, meaning

that the server received all packets with a matching timestamp, trigger packets are sent to the so-called

Software Array Trigger (SWAT).

The SWAT is a software component developed for use in SST-1M and CTAO. Its main task

is to accumulate trigger packets from both telescopes, merge them into a single stream with entries

ordered by time, and look for subsequent triggers that took place in a narrow window of time, which

could indicate coincidence. If such a pair is found, the SWAT assigns the same ID to events from
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Figure 44. An aerial view of the Ondřejov site in June 2024 shows two SST-1Ms in the parked position (bottom

right and left). A nearby radio dish for solar observations is also visible in the top left corner.

both telescopes so that they are marked as possible stereo at the time of acquisition. The SWAT can

be flexibly configured during operation: the coincidence window duration is editable during runtime

and the software may be utilised to inhibit the readout of all mono events (which is a data volume

reduction measure) or only allow some mono events through as flagged by the Camera Server software

(which could for example be used to store muon candidate events regardless of their coincidence with

other events).

Fig. 45 (top) shows the difference between the time at which the two telescopes triggered when

operated in coincidence, after the standard analysis quality cuts have been applied. In this case, the

coincidence window is set to ± 500 ns and does not depend on the pointing direction. One can see

that the observed time difference matches very well the mean expected, which is derived from the

pointing direction. If one subtract the mean expected time difference to the measured one, we obtain

the distributions shown in Fig. 45 (bottom). It demonstrates that a dynamic coincidence window can

be implemented with a width of ± 60 ns, which would include all triggered events and more efficiently

reduce random coincidences. This implementation is being carried on and will be deployed in a near

future. In Fig. 45 (bottom), the thick orange histogram shows that when the event timing is extracted

from the image analysis, the coincidence window could be even further reduced. In this case, the

analysis consist in extracting the time at which the signals in the pixels at the image centre of gravity

reach their maximum.

4.7.1 Onsite infrastructures

The telescopes are powered by the observatory grid with the flywheel and diesel generator UPS

providing sufficient and stable power for the operation. The internal IT network is connected via

optical fibre to the CESNET network. The gateway is the access port of the whole internal network

including camera servers, switches, computing servers and auxiliary systems. The IT infrastructure is

connected using optical fibres. To enable remote observations, the telescope facility is equipped with

surveillance cameras for the telescope condition observation, weather station and All Sky Camera

[28] for the night cloud detection.
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and compact mechanical telescope structure and its robotic operation require minimal maintenance

in harsh environment, and make the SST-1M suitable for for deployment at high-altitude sites above

4000 m a.s.l. The SiPM market and their applications have widely expanded in the automotive,

biology, medical imaging and LIDAR fields. Major companies such as Broadcom, Hamamatsu,

Ketek, On-Semi, Advansid, and FBK are highly competitive and rapidly reducing costs.

Acknowledgments

This publication was created as part of the projects funded in Poland by the Minister of Science based

on agreements number 2024/WK/03 and DIR/WK/2017/12. The construction, calibration, software

control and support for operation of the SST-1M cameras is supported by SNF (grants CRSII2_141877,

20FL21_154221, CRSII2_160830, _166913), by the Boninchi Foundation and by the Université de

Genève, Faculté de Sciences, Départment de Physique Nucléaire. The Czech partner institutions

acknowledge support of the infrastructure and research projects by Ministry of Education, Youth and

Sports of the Czech Republic and regional funds of the European Union, MEYS LM2023047 and

EU/MEYS CZ.02.01.01/00/22 008/0004632, and Czech Science Foundation, GACR 23-05827S.

A Appendix section

A.1 Telescope and infrastructure diagrams

References

[1] M. Heller et al., An innovative silicon photomultiplier digitizing camera for gamma-ray astronomy, The

European Physical Journal C 77 (2017) 47.

[2] CTA, SST-1M collaboration, The small size telescope projects for the Cherenkov Telescope Array, PoS

ICRC2015 (2016) 1043 [1508.06472].

[3] G. Maier, L. Arrabito, K. Bernlöhr, J. Bregeon, P. Cumani, T. Hassan et al., Performance of the

Cherenkov Telescope Array, in 35th International Cosmic Ray Conference (ICRC2017), vol. 301 of

International Cosmic Ray Conference, p. 846, July, 2017, DOI [1709.01381].

[4] J.M. Davies and E.S. Cotton, Design of the quartermaster solar furnace, Solar Energy 1 (1957) 16.

[5] M. Actis et al., Design concepts for the Cherenkov Telescope Array CTA: an advanced facility for

ground-based high-energy gamma-ray astronomy, Experimental Astronomy 32 (2011) 193

[1008.3703].

[6] T.M. Collaboration, The MAGIC gamma-ray telescopes , , 2024.

[7] T.H. Collaboration, The HESS gamma-ray telescopes, 2024.

[8] T.C.S. Collaboration, The next-generation high-energy discovery machines, , 2024.

[9] J. Kildea, R.W. Atkins, H.M. Badran, G. Blaylock, I.H. Bond, S.M. Bradbury et al., The Whipple

Observatory 10 m gamma-ray telescope, 1997 2006, Astroparticle Physics 28 (2007) 182.

[10] K. Bernlhöhr, Simulation of Imaging Atmospheric Cherenkov Telescopes with CORSIKA and

sim_telarray, Astropart. Phys. 30 (2008) 149 [0808.2253].

[11] J.A. Aguilar, A. Basili, V. Boccone, F. Cadoux, A. Christov, D. della Volpe, T. Montaruli, L. Płatos and

M. Rameez, Design, optimization and characterization of the light concentrators of the single-mirror

small size telescopes of the Cherenkov Telescope Array, Astrop. Phys. 60 (2015) 32.

[12] H.e.a. Anderhub, Design and operation of FACT - the first G-APD Cherenkov telescope, Journal of

Instrumentation 8 (2013) 6008P [1304.1710].

– 48 –



F
ig

u
re

4
6
.

T
h
e

S
S
T
-1

M
d
iag

ram
w

ith
in

terfaces
sh

o
w

n
o
n
ly

fo
r

o
n
e

telesco
p
e.

[1
3
]

M
.L

.
K

n
o
etig

,
A

.
B

ilan
d
,
T
.
B

retz,
J.

B
u
ss,

D
.
D

o
rn

er,
S
.
E

in
eck

e
et

al.,
F
A

C
T
L
o
n
g
-T

erm
S
ta

b
ility

a
n
d

O
b
serva

tio
n
s

d
u
rin

g
S
tro

n
g

M
o
o
n

L
ig

h
t,

in
In

tern
a
tio

n
a
l
C

o
sm

ic
R

a
y

C
o
n
feren

ce,
v
o
l.

3
3

o
f

In
tern

a
tio

n
a
l
C

o
sm

ic
R

a
y

C
o
n
feren

ce,
p
.
1
1
3
2
,
Jan

.,
2
0
1
3
,
D

O
I

[
1
3
0
7
.
6
1
1
6
].

[1
4
]

A
.
N

ag
ai

et
al.,

C
h
a
ra

cteriza
tio

n
o
f
a

la
rg

e
a
rea

silico
n

p
h
o
to

m
u
ltip

lier,
N

IM
A

9
4
8

(2
0
1
9
)

1
6
2
7
9
6
.

[1
5
]

J.A
.
A

g
u
ilar

et
a
l.,

D
ig

iC
a
m

:
fu

lly
d
ig

ita
l
co

m
p
a
ct

ca
m

era
fo

r
S
S
T
-1

M
telesco

p
e,

in
S
o
ciety

o
f

P
h
o
to

-O
p
tica

l
In

st.
E

n
g
.
(S

P
IE

)
C

o
n
f.

S
eries,

v
o
l.

9
1
4
7

o
f

S
o
ciety

o
f
P

h
o
to

-O
p
tica

l
In

st.
E

n
g
.
(S

P
IE

)

C
o
n
f.

S
eries,

p
.
5
,
au

g
,
2
0
1
4
,
D

O
I.

[1
6
]

A
.C

.
R

o
v
ero

,
P
.
R

in
g
eg

n
i,

G
.
V

allejo
,
A

.D
.
S
u
p
an

itsk
y
,
M

.
A

ctis,
A

.
B

o
tan

i
et

al.,
D

esig
n

o
f
a

7
m

D
a
vies-C

o
tto

n
C

h
eren

ko
v

telesco
p
e

m
o
u
n
t
fo

r
th

e
h
ig

h
en

erg
y

sectio
n

o
f
th

e
C

h
eren

ko
v

T
elesco

p
e

A
rra

y,
E

xp
erim

en
ta

l
A

stro
n
o
m

y
3
6

(2
0
1
3
)

2
2
3

[
1
3
0
3
.
4
5
5
8
].

[1
7
]

M
.
C

lau
d
iu

s
H

äh
r,

M
a
d
e-in

-g
erm

a
n
y

slew
d
rives

|
im

o
,
2
0
2
1
.

–
4
9

–



[18] M. Garczarczyk, S. Schlenstedt, L. Oakes, U. Schwanke, MST Team and C. Consortium, Status of the

Medium-Sized Telescopes for the Cherenkov Telescope Array, in 34th International Cosmic Ray

Conference (ICRC2015), vol. 34 of International Cosmic Ray Conference, p. 959, July, 2015, DOI.

[19] L. Nozka, M. Pech, H. Hiklova, D. Mandat, M. Hrabovsky, P. Schovanek et al., Brdf profile of tyvek and

its implementation in the geant4 simulation toolkit, Opt. Express 19 (2011) 4199.

[20] CTA SST-1M Project collaboration, Control Software for the SST-1M Small-Size Telescope prototype

for the Cherenkov Telescope Array, PoS ICRC2017 (2018) 844 [1709.04244].

[21] G. Pühlhofer, C. Bauer, F. Eisenkolb, D. Florin, C. Föhr, A. Gadola et al., Flashcam: A fully digital

camera for the cherenkov telescope array, 2013.

[22] C. Alispach et al., Large scale characterization and calibration strategy of a SiPM-based camera for

gamma-ray astronomy, JINST 15 (2020) P11010 [2008.04716].

[23] J. Aguilar et al., The front-end electronics and slow control of large area SiPM for the SST-1M camera

developed for the CTA experiment, Nucl. Instrum. Meth. A 830 (2016) 219 .

[24] G. Sottile, O. Catalano, G.L. Rosa, M. Capalbi, C. Gargano, S. Giarrusso et al., ASTRI SST-2M camera

electronics, in Ground-based and Airborne Telescopes VI, H.J. Hall, R. Gilmozzi and H.K. Marshall,

eds., vol. 9906, p. 99063D, International Society for Optics and Photonics, SPIE, 2016, DOI.

[25] P.T. Wallace, TPOINT – Telescope Pointing Analysis System, Starlink User Note 100 (1994) .

[26] T.T. for the SST-1M collaboration, Analysis of commissioning data from SST-1M : A Prototype of

Single-Mirror Small Size Telescope, PoS ICRC2023 (2023) 741.

[27] J. Jurysek, T. Tavernier, V. Novotny, P. Hamal, M. Heller, J. Blazek et al., sst1mpipe: v0.4.1. 21 march

2024, Apr., 2024. 10.5281/zenodo.10852981.

[28] L. Chytka, D. Mandat, J. Albury, J. Bellido, J. Farmerh, T. Fujii et al., An automated all-sky atmospheric

monitoring camera for a next-generation ultrahigh-energy cosmic-ray observatory, Journal of

Instrumentation 15 (2020) T10009.

[29] M. Heller, J. Altet, X. Aragones, J.A. Barrio, M. Bellato, E. Bernasconi et al., The next generation

cameras for the Large-Sized Telescopes of the Cherenkov Telescope Array Observatory, PoS ICRC2023

(2023) 740.

[30] S.S. Zhang, B.Y. Bi, C. Wang, Z. Cao, L.Q. Yin, T. Montaruli et al., SiPM-Based Camera Design and

Development for the Image Air Cherenkov Telescope of LHAASO, Springer Proc. Phys. 212 (2018) 17.

[31] D. della Volpe et al., Position-sensitive sipm compact and scalable beta-camera (phase 2), 2024.

[32] L. Burmistrov, Terzina on board NUSES: A pathfinder for EAS Cherenkov Light Detection from space,

in European Physical Journal Web of Conferences, vol. 283 of European Physical Journal Web of

Conferences, p. 06006, Oct., 2023, DOI [2304.11992].

– 50 –


