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We present the status of the development of a Cherenkov telescope to be flown on a long-duration
balloon flight, the Extreme Universe Space Observatory Super Pressure Balloon 2 (EUSO-SPB2).
EUSO-SPB2 is an approved NASA balloon mission that is planned to fly in 2023 and is a
precursor of the Probe of Extreme Multi-Messenger Astrophysics (POEMMA), a candidate for
an Astrophysics probe-class mission. The purpose of the Cherenkov telescope on-board EUSO-
SPB2 is to classify known and unknown sources of backgrounds for future space-based neutrino
detectors. Furthermore, wewill use the Earth-skimming technique to search for Very-High-Energy
(VHE) tau neutrinos below the limb (E > 10 PeV) and observe air showers from cosmic rays above
the limb. The 0.785 <2 Cherenkov telescope is equipped with a 512-pixel SiPM camera covering
a 12.8° x 6.4° (Horizontal × Vertical) field of view. The camera signals are digitized with a 100
MS/s readout system. In this paper, we discuss the status of the telescope development, the camera
integration, and simulation studies of the camera response.
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1. Introduction

Multi-MessengerAstronomy is a rapidly growing field in part due to the detection of an astrophysical
neutrino flux with IceCube [1] and the observation of gravitational waves with LIGO [2]. We are
working towards opening another Multi-Messenger window to the universe, the Very-High-Energy
(VHE) neutrino window (>10 PeV) with the Probe of Extreme Multi-Messenger Astrophysics
(POEMMA) [3]. POEMMA is designed to study the flux and composition of Ultra-High Energy
Cosmic Rays (UHECR) above 1010.8 GeV and the flux of VHE neutrinos above 107 GeV. The
precursor to POEMMA is the Extreme Universe Space Observatory Super Pressure Balloon 2
(EUSO-SPB2), which carries a Fluorescence Telescope and a Cherenkov Telescope. A rendering
of the EUSO-SPB2 payload and the Cherenkov telescope are shown in Figure 1, left and right,
respectively. In this paper, we report on the status of the on-board Cherenkov telescope.

EUSO-SPB2 will fly at an altitude of about 33 km. From that altitude, the Cherenkov telescope
will, for the first time, observe a volume of 10° above and below the limb. With these observations,
we will study the ambient background photon fields, also known as Night-Sky-Background (NSB),
integrated over the Cherenkov telescope’s spectral response and at different timescales. NSB refers
to the residual light that is present in the night sky during dark, moonless nights, and is mostly
caused by air-glow, direct and scattered starlight and zodiacal light [4]. These measurements will
provide critical input for realistic predictions of VHE-neutrino observations with POEMMA.

At times when the telescope is pointed at or below the limb, we will also search for Earth-
skimming VHE-neutrinos. Earth-skimming VHE tau-neutrinos, i.e., VHE neutrinos entering the
Earth under a shallow angle, have a high probability of interacting and producing a tau-lepton that
emerges from the ground. The emerging tau then decays in the atmosphere starting an air shower
with billions of charged particles. A significant amount of the particles’ energy is converted into
optical Cherenkov emission that is radiated into a narrow cone centered around the shower axis
[5, 6]. A Cherenkov telescope that happens to be inside the cone collects a fraction of the light
and projects it onto the telescope’s camera where the air shower is imaged. The offline analysis
reconstructs the arrival direction and the energy of the neutrino based on the recorded image.

When the telescope is pointed above the limb, we anticipate imaging Extensive Air Showers
(EAS) initiated by cosmic rays in the upper atmosphere. We expect that primary cosmic rays with
energies above 1 PeV could result in asmany as 100 detected events per hour [7]. Thesemeasurement
will be helpful in evaluating the performance of the telescope. The Cherenkov telescope will also
be capable of rotating towards transient astrophysical sources to search for neutrinos coming from
them, although the probability of detecting such events is admittedly very low [8].

2. Telescope Optics

The Cherenkov telescope optics is based on a Schmidt catadioptric systemwith a focal length of 860
mm (Figure 2, left). Aberrations are controlled with a corrector lens at the entrance of the telescope.
The 1 m2 light collection area is segmented into four identical mirrors. Taking into account the
shadowing from the camera, transmission losses from the corrector plate, and reflection/scattering
losses at the mirror, the resulting effective aperture area is 0.785 m2. The camera focal plane is
curved with a radius of 850 mm. In this setup, 90% of the light from a point source at infinity is
contained in a 3 mm diameter circle. A unique feature of the telescope is its bi-focal optics, which
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Figure 1: Left: EUSO-SPB2 payload, with the Fluorescence telescope pointing down for detecting UHECR
and the Cherenkov telescope pointing at the Earth limb to detect VHE-neutrinos below-the-limb and UHECR
via Cherenkov radiation above-the-limb. Right: Close-up of the Cherenkov telescopewith the corrector plate.

projects the image twice on the camera with a horizontal offset of 12 mm. The split is achieved by
rotating the optical axis of the lower and upper row of mirrors 0.4◦ relative to each other [9].

3. Camera

3.1 Focal plane

The focal plane of the Cherenkov telescope is instrumented with a 512 pixel silicon photomultiplier
(SiPM) camera yielding an overall field of view of 12.8° × 6.4° in the horizontal and vertical,
respectively. The size of a pixel is 6.4 mm × 6.4 mm and 16 pixels are grouped into a 4 × 4 matrix.
The SiPMmatrices are of the type S14521-6050AN-04 from Hamamatsu. The camera is populated
with a total of 32 such matrices. The chosen SiPM has a broad sensitivity from 200 nm to 1000 nm
with a peak photon detection efficiency of 50% at 450 nm. At the operating voltage, direct optical
cross-talk is only 1.5% and the temperature dependence of the gain is only ∼ 0.5%/°C.

The SiPM is an electrically and mechanically rugged and highly-sensitive single photon re-
solving photon detector. It is used in a wide range of astroparticle experiments. The wide spectral

Figure 2: Left: Schmidt catadioptric optics of the Cherenkov telescope. The mirrors focus the light onto the
curved focal plane located between the corrector plate and the mirror. Middle: CAD drawing of the camera
without housing. Right: Half assembled camera (Lego figures for scale).
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response of SiPMs reaches into the IR which is ideal for our purpose. Because of absorption and
scattering, only the red components of the Cherenkov light arrive at the telescope from far-away
showers, like the ones expected from Earth-skimming neutrinos.

3.2 Front-end electronics

Figure 2, middle shows a CAD drawing of the camera. The raw SiPM signal are routed into the
Sensor Interface and Amplifier Board (SIAB) via two adapter boards. One SIAB serves one 4 ×
4 matrix of SiPMs. A total of 32 SIABs interface with a backplane from where the SiPM signals
are routed to the digitizer. The SIABs receive power and communication through the backplane.
On the SIAB, two Multipurpose Integrated Circuit (MUSIC) chips shape and amplify the SiPM
signals. The MUSIC chip is an 8-channel, low-power Application Specific Integrated Circuit
(ASIC) designed explicitly for SiPM applications in Cherenkov telescopes [10]. It provides a 9-bit
Digital to Analog Converter (DAC) to adjust the SiPM bias voltage and a current-monitor output
for each SiPM channel. We digitize the current monitor output on the SIAB with a 24-bit Analog
to Digital Converter (ADC). A microcontroller (ATMEGA328P), also on the SIAB, communicates
with the MUSIC chips and the ADC via Serial Peripheral Interface (SPI). The microcontroller
monitors the common bias of the SiPMs, the current flowing through each SiPM channel, and
the temperature of the SiPMs with a thermistor mounted to the back of each SiPM matrix. The
temperature measurements will be used to offline correct temperature-dependent gain drifts of the
SiPMs. Figure 2, right shows the camera with 16 SiPM matrices and SIABs installed.

3.3 Trigger Logic

The readout of the SiPM signals is initiated whenever the bi-focal trigger condition is met. Typical
air-showers induced by an Earth-skimming tau-neutrino would usually produce a Cherenkov signal
that illuminates only one pixel in the camera. With the bi-focal optics, the Cherenkov signal will
be imaged into two pixels separated by one pixel. The splitting offset ensures that always SiPMs
connected to two different MUSIC chips record most of the signal (See the red spots in M1 and
M2 in the Figure 3, middle). The bi-focal trigger condition requires that two adjacent MUSIC
chips must record a signal above the threshold of any of their internal leading-edge discriminators.

Figure 3: Left and Middle: The bi-focal optics duplicates the image and projects it to two separate locations
in the camera. The telescope readout is triggered if two pixels separated by the bi-focal split record a signal
within 100 ns. Right: Partially assembled camera and the readout electronics.
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The MUSIC discriminator outputs are routed to the trigger board where the coincidence (logic
AND) with a 100 ns coincidence window is formed, as illustrated in Figure 3, middle. The bi-focal
optics and the coincidence trigger circuit lower the energy threshold by effectively rejecting false
triggers due to fluctuations in the NSB. The Trigger Board can also force trigger the readout at
times derived from a 1 Hz GPS signal simultaneously with, internal triggers, external triggers and
a flasher illuminating the camera. The flasher signals are used to monitor the performance of the
telescope.

3.4 Signal Digitization

The shaped SiPM signals are routed through the backplane and micro-coaxial cables into the ASIC
Support & Analog-Digital conversion (AsAd) boards. Each AsAd board has four ASIC for General
Electronics for TPC (AGET) chips [11]. Implemented in the AGET are 64 switched capacitor arrays
(SCA) that serve as analog ring buffers for the SiPM signals. The SCA is sampled with a rate of 100
MS/s providing a buffer depth of 5.12 `s. A favorable characteristic of the AGET is a low power
consumption of < 10 mW per channel. When a readout command is received from the trigger, the
signals stored in the SCAs are digitized with 12-bit resolution. We use two AsAd boards to digitize
all 512 camera channels. The digitized signals are managed by a Concentration Board (CoBo). The
CoBo is responsible for applying a time stamp, zero suppression and compression algorithms to the
digitized signal. It also serves as a communication intermediary between the AsAd and the camera
server, including the slow control signals and commands to the AsAd. Figure 3, right shows the
camera, readout chain including the digitizer boards, CoBo and CPU. The total power consumption
of the Cherenkov telescope is estimated to be about 180 watts during operation.

3.5 Camera-Server Software

For the camera server, we use a dual-core single board computer fromRTDEmbedded Technologies
(CMA24CRD1700HR). The camera server receives the digitized SiPM signals and performs several
management and monitoring tasks. It communicates with the Trigger board and the AGET digitizer
through the Ethernet interface, with the front-end camera electronics (SIAB) through the System
Management Bus (SMBus), with the housekeeping module through the serial interface, and with
the Power Distribution Unit through CAN bus. The control software, developed in C++, relays
the commands from the gondola computer to the corresponding processes running on the camera
server using POSIX message queues. Replies are send back in a separate message queue.

The acquisition of an event starts when the Trigger Board enables the trigger. The CoBo and
the Trigger Board then wait for an event to trigger and store the digitized SiPM signals and the
trigger information, respectively. After 5 minutes, the Trigger Board disables the trigger, and the
server retrieves the raw data from the CoBo and Trigger Board and saves them on disk. The event
builder running on the camera server merges the digitizer and trigger data into one data stream. A
parallel process generates housekeeping files with information including the SiPM temperatures,
bias voltages, currents, and other health and status data of the camera. Due to the limited bandwidth
available for downloading the data during the flight, the event data will be prioritized. The
housekeeping, health data, and air-shower candidate events are given the highest priority. Events
close to the trigger threshold and data sampling background are given a lower priority.

5
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Figure 4: Left: Linearity and dynamic range of the full signal chain. Middle: Relative error compared with
Poisson limit. Right: Response of the current monitoring system.

4. Camera Performance

4.1 Signal Chain Linearity

We have characterized the linearity and dynamic range of the full signal chain. Figure 4, left shows
the AGET digitized integral charge versus the number of detected photons, photoelectrons (PEs).
For this measurement, we flashed the SiPMs with a picosecond laser and varied its intensity. The
signal chain is linear up to 300 photoelectrons meeting the required dynamic range. The middle
graph shows the relative error compared with the Poisson limit. The overall performance of the
signal chain is not limited by the noise characteristics of the signal chain. Poisson fluctuations in the
primary photon signal, which scale with 1/

√
(%�) dominate the uncertainty in the recorded data.

Electronic noise becomes dominant below a detected signal of 20 photoelectrons.

4.2 Current Monitoring

The SiPM currents are monitored on the SIAB using the corresponding monitoring signals provided
by the MUSIC. In order to prevent damaging the input stages of the MUSIC chip, the SIAB
microcontroller automatically turns off aMUSIC channel if the corresponding SiPM current crosses
a threshold of 400 `A. For that purpose, an ADC on the SIAB digitizes the current of each of the
16 pixels at a rate of 100 Hz with a resolution of 7.6 µA. Figure 4 right shows the measured current-
monitoring response of one channel at room temperature and at -40 °C. Themicrocontroller attempts
to turn the channel back on after waiting for one minute and following a safety protocol to prevent
the MUSIC chip from being damaged. The current-monitoring system’s secondary purpose is to
measure the photon background’s intensity and its spatial and temporal variations.

5. Simulated Camera Response
We studied the bi-focal trigger’s performance, the reconstruction of the Cherenkov events, and
the rejection of accidental events with a detailed model of the camera. The simulation model
includes the proper response of the SiPMs, the camera electronics, the trigger, and the digitizer.
The trigger threshold of the Cherenkov telescope is limited by fluctuations of the NSB, which
results in accidental triggers. If the threshold is set too low, the trigger rate due to accidentals is
too high and cannot be processed by the readout anymore. That situation is avoided by raising
the trigger threshold of the readout. To estimate the camera’s trigger threshold, we simulated the
trigger assuming an expected NSB intensity of 3.7 × 106 pe/s/mm2/sr [4] and setting different
discriminator thresholds in the simulation. The trigger scan curves are shown in Figure 5, left for
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Figure 5: Left: Simulated trigger rates caused by background fluctuations for a single pixel in the camera
and the 512-pixel camera after applying the bi-focal trigger. Right: Camera event display of a simulated
air-shower event (top) and accidental-triggered event (bottom).

a single pixel and the whole camera. With a discriminator threshold of about 11 photoelectrons,
the single pixel trigger is several hundred triggers per second, at the same time, the camera trigger
rate after enforcing the coincidence trigger drops below the required 10 Hz to not saturate the data
acquisition system.

The trigger logic allows any two pixels with random fluctuations to trigger the readout as long
as the two pixels are connected to different but adjacent MUSIC chips. An example of such a
noise event is shown in the bottom right panel of Figure 5. An example of a simulated air-shower
event is shown in the right top panel. In the case of a Cherenkov event, the bi-focal optics splits
the Cherenkov light in the horizontal direction between two pixels separated by one pixel due to
the bi-focal optics. In an accidental event no such topology is evident because of the random
distribution of the NSB fluctuations. We make use of this topological difference in the event
reconstruction by requiring an event to have a minimum signal in a pair of pixels separated by
one pixel in the horizontal. The reconstruction algorithm scans all pairs of pixels that could have
triggered the readout and if it finds a pair which meets the above condition, the event is accepted.
Setting a 10-photoelectrons threshold in the analysis, the algorithm rejects 90% of accidentals and
retains 95% of the Cherenkov events if the combined Cherenkov signal in all pixels is more than
25 photo-electrons as shown in Figure 6, left. The overall reconstruction efficiency, shown in the
right panel of Figure 6, demonstrates that a Cherenkov event with more than 50 photoelectrons will
be triggered and reconstructed with an efficiency of 50% or more. The efficiency is dominated
by the trigger efficiency and Poisson fluctuations of the Cherenkov signal. Air-shower simulations
show that a typical VHE-neutrino event in the upper atmosphere will generate a detectable signal
of more than 50 photoelectrons in the EUSO-SPB2 telescope [6]. We are thus confident that the
performance of the Cherenkov telescope is not limited by the camera.

6. Conclusion
We have developed the Cherenkov telescope that will fly as part of EUSO-SPB2 to study ambient
photon field and background fluctuations and to attempt, for the first time, to detect air showers
produced by VHE-tau neutrinos below-the-limb and cosmic rays above-the-limb. The SiPMs,
camera electronics and readout system are tested and will undergo field tests later this year in
preparation of the balloon flight, which is scheduled for 2023 from Wanaka, New Zealand.
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Figure 6: Left: Reconstruction efficiency of Cherenkov events compared to accidentals events (orange) for
different photoelectron (PE) intensities. Right: Combined trigger and reconstruction efficiency of Cherenkov
events as a function of the detected Cherenkov signal.
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