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Silicon photomultipliers (SiPMs) have become the baseline choice for cameras of the smallsized telescopes (SSTs) of the Cherenkov Telescope Array (CTA). On the other hand, SiPMs are
relatively new to the field and covering large surfaces and operating at high data rates still are
challenges to outperform photomultipliers (PMTs). The higher sensitivity in the near infra-red and
longer signals compared to PMTs result in higher night sky background rate for SiPMs. However,
the robustness of the SiPMs represents a unique opportunity to ensure long-term operation with
low maintenance and better duty cycle than PMTs. The proposed camera for large size telescopes
will feature 0.05◦ pixels, low power and fast front-end electronics and a fully digital readout. In
this work, we present the status of dedicated simulations and data analysis for the performance estimation. The design features and the different strategies identified, so far, to tackle the demanding
requirements and the improved performance are described.
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1. Introduction

2. Project goals and challenges
The project aims at designing and building a new prototype camera for the LST in the 4 to 5
coming years. The ambition of the proposed design extends beyond the simple replacement of PMTs
by SiPMs. While this transition would naturally provide higher duty cycle and robustness, very
careful design is required to reach a performance gain across the entire energy range. The energy
and angular resolution together with the ability of the instrument to provide enough information
for reliable and efficient discrimination between gamma and hadron-initiated showers shall be
substantially improved. In addition, the proposed camera concept shall provide the flexibility and
upgradability that all long-lasting experiments seek. The main characteristics of the proposed
design are listed in the coming sections.
2.1 SiPM based design
Operation in the presence of high Moon is achieved with PMTs (e.g. for MAGIC and VERITAS), but it needs attention not to damage PMTs and in some cases human intervention to install
attenuation filters. FACT operates for about 30% longer time than the tagged ’dark time’ by MAGIC
and even with the Moon shining in the camera without any manual intervention, just increasing the
trigger threshold [2, 12]. Consequently, FACT shows an excellent capability to provide alerts to
large telescopes in blazar monitoring even with high Moon.
However, replacing PMTs with SiPMs for such a large light collection surfaces is not easy.
As a matter of fact, as visible in Figure 1, while the quantum efficiency of PMTs drops relatively
2
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The first Large Size Telescope [11], LST-1, installed at La Palma Observatory Roque de Los
Muchachos, was inaugurated in Oct. 2018. It is a hundred meters away from the two MAGIC
telescopes and close to the FACT small telescope, the first small telescope employing SiPMs. The
LST-1 is being commissioned and has been regularly taking data on gamma sources successfully
since Nov. 2019. The construction of three additional LSTs at the La Palma site is ongoing.
Once completed, the four LSTs will constitute, with five medium-sized telescopes (MSTs) at the
CTA-North observatory.
To achieve the desired sensitivity and full-sky coverage, one array in the Northern and another
in the Southern hemisphere including about 100 telescopes are planned for CTA. The Southern array
has the best view of the Galactic Plane, which contains sources whose emission is most intense at
energies below 1 TeV and in some cases can extend to the PeV region. Gammas with these energies
can still reach us from distances of about over 10 kpc (from the Galaxy), but would be absorbed for
larger distances. It was considered to equip the Southern site with three types of telescopes with
different mirror sizes: LSTs with mirrors of 23 m diameter, MSTs with mirrors of 12 m diameter,
and small-sized telescopes (SSTs) with mirrors of 4 m diameter. Overall, the variable mirror size
allows to cover the energy range from 20 GeV to ∼ 300 TeV.
A limiting factor of the current technology of gamma-ray telescopes concerns the duty cycle,
which is limited to about 10%, being operation only possible during moonless nights without clouds,
rain, sand bursts and with winds below ∼ 50 km/h.
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rapidly above 500 nm, the photodetection efficiency of SiPMs slowly decays until 1 𝜇m, exhibiting
still about 10% efficiency at 700 nm. This makes SiPMs more sensitive to background photons.

For instance, while the default LST pixel of 0.1◦ equipped with a PMT sees a rate of 0.246 GHz of
photo-electrons (p.e.) per pixel in so-called dark conditions at La Palma, the same pixel equipped
with an LCT5 SiPM from Hamamatsu operated in optimal conditions (over-voltage of 7 V) would
observe 1.4 GHz. These background photons will not only affect the resolution of the extracted
charge in each pixel but also the hardware threshold at which the telescope will acquire data.
Several options to reduce the impact of the NSB rate are being studied and will be reported in
Sections 3 and 3.1.
2.2 Reduced pixel size
One of the important feature of the project is the use of a smaller pixel size compared to the
existing one. The IACT sensitivity for point-source searches is strongly influenced by the pixel size,
as can be seen using simple cuts on Hillas’ parameters of images (see Fig. 5 in Ref. [5]).
The higher granularity of the camera over-samples the image providing more details of the
blurred distribution of photons for the more irregular hadronic showers than elongated images of
gamma-ray ones. This also applies to muon rings. It also provides more individual time measurements along the shower axis. This allows more efficient discrimination between electromagnetic
and hadronic extensive air showers, thus improving the sensitivity, as well as energy and angular
resolutions.
However the increased number of pixels will affect both the power consumption and data
throughput driving naturally the technological choices for the front-end and the digital readout
toward integrated circuits.
3
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Figure 1: Optical efficiency as function of wavelength for two types of sensors (FBK NUV-HD and
Hamamatsu LCT5 technologies) and two entrance windows (standard LST (solid lines), SST-1M filter
(dashed lines)). The Cherenkov and reference NSB spectra are shown in arbitrary units as references.
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2.3 Fully digital readout

2.4 Design summary
The key design characteristics of the existing and the proposed camera are listed in Table 1.
Parameter
Number of pixels
Pixel size
Number of gain channels
Dynamic range
Trigger
Digitization

[◦ ]
[p.e.]

Current LST camera
1855
0.1
2
3000
Analogue
SCA★+ADC

Proposed camera
∼7500
0.05
1
∼500
Digital
FADC

Table 1: Comparison of key characteristics between the existing LST camera and the baseline design for the
proposed one based on SiPM sensors.★Switch Capacitor Array. The cameras share the same field of view
(4.3◦ ), sampling speed (1 Giga sample per second (GSPS)) and resolution (12 bit).

3. Simulation and Analysis for the advanced camera
In order to optimize the camera design, an important campaign of simulations is being carried
out using CORSIKA and sim_telarray. Among the main parameters to be optimized we can list
the following: a) the pixel size and shape; b) the SiPM technology and its operating point; c) the
optical properties of the entrance window; d) the pre-amplifying stage performance, i.e. the pulse
shape, the gain and signal to noise ratio; and e) the trigger topology.
Regarding point a), the pixels adopted by the SiPM camera of the SST-1M [7] have been used
as a baseline. They have a hexagonal shape and a linear size 2.5 cm which corresponds to a pixel
angular size of 0.05◦ when used on an LST structure. Nevertheless, other options for larger pixels
will be investigated, as using larger pixels would naturally reduce the channels to instrument in order
to obtain the required field of view (FoV). Therefore, this would relax the requirement on the power
consumption and data throughput. In addition, square pixels would allow to use off-the-shelf SiPM
4
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The ambition of this project is to achieve a fully digital readout of all sensors continuously, since
this provides the desired flexibility and upgradability. The acquisition of continuous waveforms
enables the use of modern machine learning (ML) techniques in the event selection as close as
possible to the sensor. Analysis techniques based on machine learning algorithms have now already
proven to be superior to standard ones based on simple cuts on image parameters [8]. However, these
techniques are normally applied during offline data analysis, while in this project we aim at enabling
their use in real-time, for the trigger decision for instance, in order to increase the rejection power
and therefore to reduce the energy threshold. Another approach to reach a fully digital response
is to use digital photo-sensors. These sensors would exploit the natural photon counting ability of
SiPMs to directly output a photon stream, i.e. a number of photons per time slice of 1 ns. Such
sensor tailored for IACT is being designed and will be evaluated during the course of the project.
The possible paths being investigated to achieve such capability are described in section 3.2.
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Configuration

PMT w/o filter
LCT5 w/o filter (ΔV=4.4)
LCT5 w/ filter (ΔV=4.4)
LCT5 w/o filter (ΔV=7.0)
LCT5 w/ filter (ΔV=7.0)

Safe
Threshold
[photons]

NSB
rate
[MHz/pixel]

Cherenkov
cum. efficiency
[%]

NSB
cum. efficiency
[%]

Optical
Cross-Talk
[%]

Safe
Threshold
[p.e.]

286
272
229
218
179

246
386
108
426
109

15.9
20.8
14.0
24.3
16.0

1.7
6.2
1.9
8.1
2.5

0
8
8
15
15

45
61
34
67
36

sensors, which saves the additional cost of producing the single photo-mask needed to produce
many hexagonal sensors. Concerning points b) and c), the optical efficiency as a function of the
wavelength of the full photo-detection chain is critical. As seen in Figure 1, the sensor choice and
the optical properties of the entrance windows have to be optimized together. For the time being, two
technologies of sensors have been considered: the S13360 (LCT5) technology from Hamamatsu
Photonics K. K. (HPK) and the NUV-HD from Fondazione Bruno Kessler (FBK). These are the
technologies that have so far shown the best compromise between photo-detection efficiency and
speed. Two different entrance windows are used in the simulation. The first is the one of the current
LST camera and is made of ShinkoliteTM , which is remarkable for its transparency in the UV range.
The second entrance window is the one developed for the SST-1M camera, featuring a Borofloat
substrate on which an anti-reflective and a dichroic coating are applied. The latter is cutting out
wavelengths longer than 540 nm. The filter has an impact on the value of the safe threshold 1, as
visible in Table 2, namely corresponding to the energy thresholds above which cosmic rays begin to
be detectable among the NSB. The loss of overall optical efficiency impacts the event reconstruction
and affects significantly the telescope performance.
The safe threshold 𝑆𝑇 𝑝𝑒 determined in p.e. cannot be easily compared between the different
cameras due to different optical efficiencies. We therefore correct for the optical efficiency of the
optical chain (entrance window, light funnels and photo-sensor) to the Cherenkov spectrum 𝜖𝐶 ℎ𝑒𝑟
between 300 and 1000 nm and also account for the artificial boost that the optical cross talk 𝑃𝑂𝐶𝑇
is giving to the signal:
𝑆𝑇 𝑝𝑒
𝑆𝑇𝛾 =
(1)
𝜖𝐶ℎ𝑒𝑟 (1 + 𝑃𝑂𝐶𝑇 )
The resulting safe thresholds expressed in photons 𝑆𝑇𝛾 are given in Table 2. They indicate that with
a traditional trigger topology based on the signal sum of neighboring pixels, the SiPM performance
is comparable to the PMT one or better when operating the SiPM at high values of over-voltage. For
instance, working with an optical cross talk of the order of 15% provides a significant improvement
even without the use of a dedicated filter.
1The safe threshold is defined as the threshold at which the proton detection rate multiplied by 1.5 and the trigger rate
induced by NSB for an NSB rate two times larger than the nominal one intersect.
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Table 2: Summary of safe threshold calculation. These thresholds are achieved for 3 ns FWHM pulses.
The Cherenkov and NSB efficiencies are obtained by normalizing the area under their spectrum over the
wavelength range from 300 to 1000 nm and multiplying by the optical efficiency of a single pixel. The
equivalent FoV of the trigger patches are 0.46◦ for the standard camera (21 neighboring pixels) and 0.35◦ for
the proposed one (49 neighboring pixels)
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3.1 Photon-detection plane
As described in the previous section, using a fast and low-power pre-amplifying stage is critical
for this project. A pre-amplifying stage has been developed by INFN based on bipolar junction
transistors [1] and used for measurements with 0.1◦ and 0.05◦ pixels. It achieves remarkably short
pulses as seen in Tab. 3. While this stage meets the requirements on the speed, it would require
about 3.2 kW for 7500 pixels that equipped the SiPM camera. This would leave no margin on the
power to accommodate the remaining components of the readout chain such as FADCs, FPGAs and
optical transceivers. On the other hand, the MUSIC ASIC[6] would meet the power consumption
requirements but it exhibits pulse widths yet too large to limit the NSB pile-up effect.

Sensor type
FBK NUV-HD (14× 6×6 mm2 )
FBK NUV-HD (12× 6×6 mm2 )
HPK LCT2 (hex. sensor)
HPK LCT2 (hex. sensor)

pre-amplifying stage
INFN
MUSIC
INFN
MUSIC

FWHM
[ns]
3.4
5.3
2.9
5.1

Power consumption
[mW/pixel]
1500
830
450
100

Table 3: Summary of pre-amplifying stage performance. The power consumption here is an estimate and
does not include power dissipated by the DC/DC converters required.

Therefore, this project targets the development of an ASIC. Its design will be based on recent
studies [3] and state of the art commercial input stages from the MUSIC ASIC and its successor, the
FastIC. This ASIC will be tailored for the SiPM technology chosen, even though it will incorporate
variable parameters in order to accommodate for other sensor technologies which matters for
possible upgrades.
3.2 Camera readout
The readout architecture of the camera will play a major role to achieve the expected performance boost and allow for possible upgrades during the detector lifetime.
6
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The point d) is addressed by varying the signal to noise ratio and the pulse width. As foreseen,
with the default trigger strategy, achieving a shorter pulse limits the consequences of the pile-up
and allows to significantly reduce the NSB-induced trigger rate. However, studies for point e) might
reveal that novel strategies for trigger may reduce the importance of having a narrow pulse and relax
the requirement on the sensor choice and pre-amplifying stage speed.
The use of ML algorithms, which are very effective for image or time series analysis, would
better exploit all image features contrary to the standard Hillas parametrization. For this reason,
two analysis pipelines [9, 13] based on convolutional neural networks are being tested for the
image reconstruction. In addition other methods are been investigated, like look-up tables or semianalytical formula [4, 10, 14, 16]. These methods have been yet only developed for single-telescope
observations, while the performance gain that these camera brings is probably best for stereoscopic
analysis of multiple telescope images. Porting these algorithms to stereoscopic analysis is also part
of the work on-going in this project.
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Trigger-less readout The most appealing readout which also follows the trend of many detectors
in high-energy physics, is the so-called trigger-less. Continuous digitization and shipping out of the
signals of each camera allows to form triggers of more telescopes before a single trigger decision is
taken. This will increase substantially the performance of the advanced SiPM cameras with respect
to the current scheme of the PMT camera. The disadvantage of such solution is that the amount of
data to be transferred from the camera to the camera server is tremendous. Assuming 7500 pixels
sampled at 1 GSPS with 12 bits resolution, data should be transferred at ∼90 Tb/s. Two solutions
are being explored in order to cope with such high throughput. The first one focuses on high-end
technologies for optical transfer and presents the advantage that most of the complexity and power
consumption is transferred away from the camera to the camera server. The second one consists of
implementing on-the-fly data volume reduction using ML algorithms (e.g. auto-encoders, inverse
neural networks), which requires high processing power inside the camera. This solution is the
preferred one as it offers potentially the highest performance gain, flexibility and upgradability.
Advanced trigger readout Two alternative solutions to reduce the required data throughput are
also being considered. The first one relies on the use of high performance FPGAs to implement
advanced trigger algorithms, which offer higher background rejection. Several trigger algorithms
are being studied, either based on digital filters or machine learning algorithms and all aim at
analyzing data cubes instead of images. Always with the aim of reducing the data throughput, the
second solution envisaged would use a two level trigger: one low-level implemented in the camera
which would ensure the highest acceptable throughput and a high-level one running in the camera
server for more refined trigger decision. This second approach has the advantage of transferring the
complexity from the camera to the camera server and therefore limits the power dissipation inside
the camera.
Digital sensor The idea of having a sensor which directly outputs a photon stream is very
appealing, as it would simplify the architecture, relax most of the requirements in term of data
throughput and power consumption. A Digital Photon Counter (DiPC) tailored for the use in
IACT cameras is being developed. The basic idea is to identify the leading edge of a discharging
7
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High speed FADCs coupled to high performance FPGAs have been widely used in particle
physics and astrophysics. For instance, the SST-1M camera features a fully digital readout system [15] in which the signals from SiPMs are sent to FADCs, converted and streamed to an FPGA
where a digital algorithm is used to select data to send to the disk. The camera proposed here is an
evolution of this concept, whereas the FADC sampling frequency is much higher, at least 1 GSPS,
the number of channels is a factor of four higher and the rate (and therefore the throughput) is one
order of magnitude higher.
Commercial FADC operating at GSPS frequencies with a serial output exist, but their number
of channels is limited, resulting in high power consumption and high cost per channel. Therefore, a custom solution with more channels per chip and with a power consumption of less than
0.1 W/channel needs to be developed. ASICs can achieve this goal with heavy use of event-driven
operation and ultra-low-power digital circuits implemented in CMOS technologies that enable
miniaturization, speed, and low power, simultaneously. Several solutions are considered and the
corresponding architectures are being analyzed:
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micro-cells and add the numbers with a clock frequency of about 1 GHz. The sum will be stored
in an on-chip memory, while reduced precision information will be sent out to the digital camera
trigger. In case of a positive trigger decision, the high precision data can be read asynchronously
with limited bandwidth. The very precise arrival time information for each individual photons will
allow the reconstruction of the three-dimensional information from each photon, converting the
differences in arrival time to a distance along the trajectory and most probably greatly improving
background rejection and angular resolution.

The design of a novel camera for the LST is on-going and challenges on multiple fronts are being
addressed by an international collaboration. The important simulation effort deployed will soon
allow to select the suited entrance window and light guides, the right sensor and its optimal working
point as well as the pixel size and geometry. Combined with studies of novel trigger approaches
and analysis pipelines, the technical specifications for preamplification stage and the digital readout
will be clarified. The design and production of tailored ASICs for the preamplification and the
digitizing stages will naturally follow. Eventually, the stereoscopic data analysis pipelines will shed
light on the ultimate performance, which such innovative camera will bring to the field of IACT.
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