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A B S T R A C T

We developed a modular silicon photomultiplier camera to detect Earth-skimming PeV to EeV tau neutrinos
with the imaging atmospheric Cherenkov technique. We built two cameras, a 256-pixel camera for the Trinity
Demonstrator located on Frisco Peak, Utah, and a 512-pixel camera for the Extreme Universe Observatory
on a Super-Pressure Balloon II (EUSO-SPB2) Cherenkov Telescope. The front-end electronics are based on the
Multipurpose Integrated Circuit (eMUSIC) Application Specific Integrated Circuits (ASICs), and the camera
signals are sampled and digitized with the 100 MS/s and 12-bit ASIC for General Electronics for TPC (AGET)
system. Both cameras are liquid-cooled. We detail the camera concept and the results from characterizing the
SiPMs, bench testing, and calibrating the two cameras.
1. Introduction

The neutrino sky at very-high (VHE, >PeV) and ultra-high (UHE,
EeV) energies is still dark. However, IceCube’s transformational de-

ection of diffuse astrophysical neutrinos [1], evidence of two neutrino
oint sources TXS 0506+056 [2,3] and NGC 1068 [4], and the galactic
lane [5] at high energies (>1TeV) highlight the tremendous potential
hat neutrinos offer to gain fundamental new insight into the non-
hermal universe. Extending neutrino observations to higher energies
nd opening the VHE/UHE neutrino band will provide us with a
nique view of the most extreme cosmic particle accelerators, help us
nderstand cosmic-ray propagation and the evolution of the universe,
nd allow us to study fundamental neutrino physics and probe new
hysics beyond the standard model of particle physics at the highest
ossible energies [6].

Detecting neutrinos is challenging because interaction cross-sections
re extremely small [7,8]. The much lower neutrino fluxes in the

VHE/UHE band compared to the HE band exasperate the problem.
vercoming these challenges requires instruments with orders of mag-

nitude larger detector volumes than IceCube’s [9]. Of the different pro-
posed detection techniques [6], we pursue detecting Earth-skimming
tau neutrinos with the imaging atmospheric Cherenkov technique [10–
15].

∗ Corresponding author.
E-mail addresses: elizagazda@gatech.edu (E. Gazda), oromero@gatech.edu (O.R. Matamala).

The Earth-skimming technique is sensitive to >PeV tau neutrinos
that enter the Earth under a small (< 10◦) angle, undergo charged
current interaction, and produce a tau lepton. The tau continues on
the trajectory of the neutrino, emerges from the Earth, and decays,
starting a massive shower of mostly Cherenkov-light emitting electrons
and positrons. A Cherenkov telescope captures some of the light and
generates an image of the air shower onto a pixelated focal plane, the
camera.

The air-shower imaging technique has been used for more than
35 years to detect very-high-energy gamma rays [16,17]. The technique
is very mature. The camera of a Cherenkov telescope is specifically
designed to meet the requirements of the Cherenkov telescope it will
be integrated into. Some of these requirements are angular resolution,
dynamic range, noise, ambient light rejection, and operating envi-
ronment, which change from telescope to telescope. It is, therefore,
not surprising that, for example, different developments exist for the
cameras of the Cherenkov Telescope Array [18–23].

This paper discusses the camera we have developed for the
VHE/UHE neutrino instruments the Trinity Demonstrator and the EUSO-
SPB2 Cherenkov telescope. Trinity is a proposed system of 18 Cherenkov
Telescopes [24,25] on mountaintops. Its first development stage is the
Trinity Demonstrator, which we deployed with the camera described
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Fig. 1. Architecture of the camera and readout in the configuration for the EUSO-SPB2 Cherenkov telescope. The AsAd and CoBo are components of the GET system [29].
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ere on Frisco Peak, UT, in the Summer of 2023. The Trinity Demon-
trator is a one-square meter class Cherenkov telescope with Davis
otton optics and a 3.8◦ × 3.8◦ field-of-view (FoV). The EUSO-SPB2

ong-duration balloon mission is a precursor to the proposed POEMMA
ission that aims to detect neutrinos from space by looking at the
arth’s limb [26]. The EUSO-SPB2 balloon flew in the Spring of 2023,
nd we observed the Earth limb with the Cherenkov telescope for two
ights from a float altitude of ∼ 35 km before it crashed into the Pacific
ue to a leaking balloon [27,28]. The Cherenkov telescope on EUSO-
PB2 was a modified Schmidt optics with a 0.8 m2 light-collection
urface and a 6.4◦ × 12.8◦ FoV instrumented with the camera described
ere.

We start the paper with a discussion of camera design considerations
n Section 2 followed by a description of the modular architecture of
he camera in Section 3. A description of the main components of the
amera and the readout is given in Section 4. The cooling system and
hermal vacuum testing are described in Section 5. The characterization
f the photon detectors are detailed in Section 6 and the signal chain
n Section 7. The flatfielding of the camera response is discussed in
ection 8 and the current monitor in Section 9.

. Design considerations

The purpose of a Cherenkov-telescope camera is to detect the faint
nd fast transient flashes of Cherenkov light emitted by the elec-
rons and positrons in an air shower [25]. A typical Cherenkov flash
asts between a few nanoseconds and a few hundred nanoseconds,
epending on the viewing angle of the air shower relative to the air-
hower axis. A Cherenkov telescope camera needs to typically detect
t least 100 photons (photoelectrons) to guarantee a reliable event
econstruction [25,30]. Furthermore, the few Cherenkov photons must
e distinguished from the fluctuations of the ambient light, which
s called the night-sky background (NSB) [31–33]. These conditions
ranslate into requirements for the analog bandwidth, dynamic range,
igitizer sampling speed, maximum acceptable electronic noise, and the
rigger of the Cherenkov-telescope camera discussed in the remainder
f this section.

For the best separability of the Cherenkov flash from NSB fluctua-
ions, the signal in the readout should have a width of about 10 ns [25].
owever, power constraints and the availability of suitable off-the-

helf digitizer systems had us design a system with a considerably
ower bandwidth, resulting in signals that are 30 ns Full-Width-at-Half-
aximum (FWHM). Because fluctuations in the NSB are irreducible,
 e

2 
hey define the noise floor, and the signal chain must be designed
uch that any additional noise contributions are much below the NSB
luctuations. An optical filter that rejects part of the NSB spectrum is
ot effective in neutrino Cherenkov telescopes where the NSB spectrum
verlaps with most of the Cherenkov spectrum [25].

At the upper end of the signal chain’s dynamic range, we require a
inear response of up to a few hundred photoelectrons, which covers the
xpected range for most events. At the energy threshold of both tele-
copes, about twenty photoelectrons are detected per event. Expected
eutrino energy spectra follow steep power laws with spectral indices
reater than two. Folded with the acceptance of the telescopes, the
vent rate for such spectra typically peaks close to the energy threshold
nd steeply falls with energies. Over the lifetime of both instruments,
t is thus extremely unlikely to detect events a hundred times above
he threshold for which a dynamic range of more than a few hundred
hotoelectrons per camera pixel would be needed. However, should
uch an extreme event be recorded, the dynamic range can be extended
y properly simulating the non-linear response of the signal chain in the
nalysis.

The angular size of the camera pixels, is driven by the science goals
or the Trinity Demonstrator and the EUSO-SPB2 Cherenkov telescope.
mong other goals, both missions aim to measure backgrounds that
imic air showers from Earth-skimming tau neutrinos. In Trinity ’s

ase, we want to record these events with the same 0.3◦ pixel size we
lan for the final Trinity telescopes. In EUSO-SPB2’s case, it was more
mportant to cover a large FoV to better study the spatial and temporal
haracteristics of the NSB, even if it meant that the pixel size would be

larger than the 0.083◦ anticipated for POEMMA [26].
Eventually, we fixed the pixel size for EUSO-SPB2 at 0.4◦ based

on the 6◦ × 12◦ FoV of the EUSO-SPB2 Cherenkov telescope optics,
the available power, and the projected power consumption per camera
channel. Another benefit of this choice is that the required physical
pixel size is the same 6 mm required for Trinity. The only difference
between the two cameras is the number of pixels, which is 256 pixels
or Trinity and 512 pixels for EUSO-SPB2 to cover the fields of view of
he respective telescopes they instrument. We, therefore, designed the
odular camera architecture described in the next section that meets

he requirements for both instruments.
The signals of a Cherenkov telescope camera are not continuously

ecorded. Instead, the trigger electronics continuously scans the camera
ignals for a potentially interesting signal topology in the camera. If the
lectronics senses the required topology, the trigger sends a readout
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Fig. 2. CAD drawings of the EUSO-SPB2 camera and Trinity camera. See text for a description.
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command to the digitizer. We provide more details about the trigger
topologies required in the Trinity Demonstrator and the EUSO-SPB2
Cherenkov telescope in Section 4.3.

From an operational point of view, the EUSO-SPB2 camera oper-
ated in a much more challenging environment. As convective cooling
ecomes ineffective at 33 km altitude, the design of the camera cooling
as driven by the EUSO-SPB2 requirements and adapted for the Trinity

amera (see Section 5).
Based on these design considerations, we devised a modular camera

that meets the Trinity Demonstrator and EUSO-SPB2 requirements and
s described in the following sections.

. Top-level architecture of the camera and readout

The top-level architecture is divided into the camera unit and the
eadout unit. Fig. 1 shows the block diagram of the system and how it
reaks down into the two physically separate units. The camera unit is
ounted in the telescope’s focal plane, and the readout unit is placed in
 convenient location. In Trinity, the readout resides inside a cabinet on
heels next to the telescope, and in EUSO-SPB2, the readout is inside
 box mounted below the telescope.

he camera unit. Fig. 2 shows CAD drawings of the Trinity and EUSO-
PB2 cameras, and Figs. 3 and 4 show pictures of the two built cameras.
he cameras are composed of modules. Fig. 2 also shows (on the top

eft) the exploded view of one of the modules, which consists of a
quare matrix of sixteen 6.2 mm × 6.2 mm silicon photomultipliers
SiPM). Each SiPM constitutes one camera pixel. The SiPM matrix
ttaches to the front-end electronics board, referred to as the Sensor
nterface and Amplifier Board (SIABs). To approximate the curved focal
lane of the EUSO-SPB2 optics, an angled interface board is inserted
etween the SiPM matrix and the SIAB. The focal plane in the Trinity
emonstrator is flat, and the interface board is unnecessary and not
sed.

The 16 modules of the Trinity camera and the 32 modules of the
USO-SPB2 camera (see Fig. 2) are inserted into the camera backplane,
hich is custom-designed for each camera to accommodate the differ-
nt number of camera modules. The backplanes provide a mechanical
ount point for the modules and the electrical interface to the readout,

he trigger, and power.
3 
he readout unit. Fig. 1 shows the block diagram of the readout unit,
nd Figs. 5 and 6 show pictures of the assembled units for both tele-
copes. The electronics for the EUSO-SPB2 telescope is assembled inside
he main electronics box (MEB) The centerpiece of the readout unit
s the central processing unit (CPU), also called the camera computer,
hich serves as the communication gateway to all system components
nd stores the digitized camera signals. The camera computer interfaces
ith a high-speed ethernet link over TCP/IP to the digitizer system, and
 separate network connection is provided to the trigger board. The
amera and power supplies are configured via I2C and SPI interfaces.

The readout unit also includes the digitizers for the camera signals,
he power supply units, and the trigger board, which we will discuss in
ore detail in the following sections.

. Description of the main camera and readout components

In this section, we detail the main components of the camera unit
nd the readout unit: the photosensors, the SIAB front-end electronic
oards, the camera computer, the digitizer, the trigger board, and the
ower supply boards.

.1. Photosensors

Imaging air showers with Cherenkov light is best done with fast,
ingle-photon resolving photosensors to improve the separability of air-
hower signals from NSB fluctuations. Natural photosensor candidates
re bialkali photomultiplier tubes (PMTs) [e.g 34–36] or silicon photo-
ultipliers (SiPMs) [e.g. 37–40]. We chose SiPMs because their spectral

esponse is a better fit for the red-peaking Cherenkov spectrum of air
showers developing in the lower atmosphere a hundred kilometers from
he Trinity telescopes [25].

After evaluating devices from different vendors, we chose a device
rom Hamamatsu, which has high efficiency in the red, low 1.5%
ptical crosstalk, low afterpulsing, and only ∼ +0.5%∕◦C gain drift.
he SiPMs are 6.2 mm × 6.2 mm in size and composed of 14,331
0 μm cells. The SiPMs came assembled in 4 × 4 matrices closely
acked to minimize the dead space between SiPMs and with minimal
ead space at the matrices’ edges to about 7%. During the selection

process, we measured the Hamamatsu S14520-6050CN, a single device.
Results from that characterization are presented in Section 6.1. For the
EUSO-SPB2 camera, we purchased the S14521-6050AN-04, which is
the same SiPM type but assembled in 2 × 2 matrices. At the time of

purchasing SiPMs for the Trinity Demonstrator, Hamamatsu has renamed
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Fig. 3. The Euso-SPB2 camera without cooling system and missing top cover.
0
o

Fig. 4. Assembled Trinity Demonstrator camera with cooling system.

the series to S14161-6050HS-04 to reflect a change in how the device is
electrically contacted, namely with a center-hole wire-bond as opposed
o a through silicon via in the S1452X series. The S1416X series has a
4 
Fig. 5. The readout unit for the Trinity Demonstrator. The computer, power boards,
and the digitizer system’s Concentration Board (CoBo) are not visible.

300 μm protective resin layer, and the S1452X series a 100 μm thick
resin layer.

The cell structure of both series is identical, which is why the
characteristics of the S14520-6050CN presented in Section 6.1 is also
representative for the S1416X series.

Fig. 7 shows pictures of the front and back of a S14521-6050AN-
4 matrix. To interface with the matrix, which has two connectors
n its back, we designed the Connector Adaptor printed circuit board

(PCB) shown on the figure’s bottom row. Also visible in the picture of
the Connector Adaptor is a wired thermistor, which pushes against the
SiPM matrix when the matrix is plugged into the Connector Adaptor.
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Fig. 6. The assembled readout unit for EUSO-SPB2 inside the main electronic box
(MEB).

Fig. 7. The front and back side of the S14521-6050AN-04 SiPM matrix used in the
EUSO-SPB2 camera. The front and back of the Connector Adaptor populated with a
thermistor is shown on the bottom row.

Similarly, Fig. 8 shows pictures of the front and back of a S14161-
6050HS-04 matrix used in the Trinity Demonstrator and the Interface
PCB onto which we reflow soldered the matrices because they came
without connectors. The interface PCB also has a surface mounted
thermistor, which is not yet populated onto the PCB shown in the
picture.

4.2. Sensor interface and amplification board

The SiPM matrices connect with their adaptor boards and, in
the case of EUSO-SPB2, with the additional angle adaptor PCB (see
Fig. 2(a)) to the SIABs. The SIABs amplify and shape the SiPM signals
with the Multipurpose Integrated Circuit (eMUSIC) Application Specific
5 
Fig. 8. The front and back side of the S14161-6050HS-04 SiPM matrix used in the
rinity Demonstrator. The front and back of the Interface PCB onto which we soldered
he SiPM matrix is shown on the bottom row.

Fig. 9. Block diagram of the SIAB.

Integrated Circuits (ASICs), which is designed as the front end for
SiPMs in Cherenkov telescope applications [41]. Fig. 9 shows the block
diagram of the SIAB.

Each SIAB has an eMUSIC on the top of its PCB and one on the
bottom side because the eMUSIC has only 8 input channels, but a
SiPM matrix has 16 pixels. Besides shaping and amplifying the SiPM
signals, the eMUSIC also has a leading-edge discriminator for each
channel, which we use to derive the trigger for the readout, as we
explain in Section 4.3. The signals of all discriminators are combined
with a logic OR and only the OR signal is available as aneMUSIC
output. The eMUSIC, furthermore, provides a SiPM bias trim voltage
for each channel to fine-adjust the SiPM bias voltage 𝑈𝑏𝑖𝑎𝑠 over a range
of 890 mV in steps of 3.2 mV. The eMUSIC also has a current monitor
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Fig. 10. Illustration of the trigger topology implemented in the trigger for EUSO-SPB2.
he pixels within one red rectangle are connected to the same eMUSIC.

utput for each SiPM, which we digitize with an AD7173 16-channel
nalog-to-digital converter on the SIAB.

The eMUSICs and the AD7173 are configured and monitored via
PI by an Atmega328p microcontroller. (see Fig. 9). The Atmega328p
lso records the thermistor values, it controls the 3.3 V and 5 V regu-
ators that bias the eMUSICs and the ADC, and it turns the SiPM bias
oltage on and off. The microcontroller is connected to an I2C bus to
ommunicate with the camera computer.

We placed the eMUSICs as close as possible to the SiPM-facing
nd of the SIAB PCB to minimize the pick up of electronic noise. We
lso wanted the SiPM matrices to directly connect to the SIABs, which
onstrained the width of the SIAB boards to be less than the size of a
iPM matrix. The SIAB width is 21 mm about 4.6 mm narrower than
he size of a SiPM matrix.

.3. Trigger

The command to digitize and save an event comes from the trigger
ystem, which continuously searches the camera signals for signa-
ures that could be due to an air-shower-generated Cherenkov-light
lash. We implemented a two-level trigger, where the first level is the

leading-edge discriminators in the eMUSICs. The signals from the dis-
criminators in each eMUSIC are combined in a logic OR and provided
as one output signal of the eMUSIC. With only the OR’d signal, the
trigger system does not know which of the eight pixels connected to
the eMUSIC has a signal above the discriminator threshold.

In the EUSO-SPB2 camera, we have mapped the camera pixels
to eMUSIC inputs as indicated by the red rectangles in Fig. 10. The
EUSO-SPB2 optics are split to form bi-focal optics, which means that
the four mirror segments of the primary mirror are aligned such that
an object is imaged twice on the camera with a separation of two
pixels. To illustrate the split optics, the figure gives an example of
a point source at infinity that gets imaged twice onto the camera.
Because of how we have mapped the camera pixels into the eMUSICs
and because the image copies are separated by two pixels, there will
always be two discriminators in two neighboring eMUSICs that trigger.
We exploit this spatial and temporal coincidence in EUSO-SPB2 by
requiring a temporal 100 ns coincidence between the eMUSIC outputs
of two neighboring eMUSICs to trigger the readout. The bi-focal optics
help us better reject events due to fluctuation in the NSB.

We do not split the optics in the Trinity Demonstrator because we
are much closer to the air shower and, therefore, can spatially resolve
it with the Demonstrator’s 0.3◦ pixel size [25]. Because the eMUSIC
nly provides the OR’d discriminator output of 8 channels, we could

not implement a standard next neighbor trigger commonly used in
VHE gamma-ray Cherenkov telescopes [42–45]. Without an additional
coincidence requirement, we, thus, record an event whenever a dis-
criminator produces an output signal. However, we require a spatially
extended air-shower image in the event reconstruction or otherwise
reject the event.
6 
The discriminator eMUSIC outputs are connected to a Mesa Elec-
ronics’ 7I80HD-25 Field Programmable Gate Array (FPGA) Ethernet
nything I/O card. The 7I80HD-25 has 72 programmable I/O pins, of
hich we configured 64 inputs for EUSO-SPB2 and 32 inputs for the
rinity Demonstrator, respectively, one for each eMUSIC. Programmed
nto the FPGA is a finite state machine, which evaluates the input
ignals with a 100 MS/s sampling speed and sends a logic signal to
he Concentration Board (CoBo), triggering the readout of the digitizer
henever the trigger condition is met. In the split-optics case of EUSO-

SPB2, the trigger condition is a 100 ns time coincidence between the
signals of two neighboring eMUSICs. In Trinity ’s case, the FPGA just
asses the eMUSIC logic signals through, triggering the readout when-
ver it records a discriminator signal without requiring an additional
oincidence.

The trigger board can also simultaneously trigger an external LED-
ased light flasher and the readout system and trigger unbiased pedestal
vents. The flasher provides signals to calibrate and monitor the cam-
ra’s health.

.4. Digitizer

The SiPM signals connect from the camera via 2 m long micro-
oaxial cables from Samtec into an ASIC for General Electronics for
PC (AGET) based digitizer system [29]. The AGET is a 64-channel
witched capacitor array (SCA) ASIC with a buffer depth of 512 cells

that is sampled with 100 MS/s and, therefore, records 5.12 μs long
traces. When the digitizer system receives a readout command from
the trigger, the analog signals in the SCA are digitized with 12-bit
resolution and transferred into the camera computer. The deadtime for
reading out one event is 1.44 ms. Important for EUSO-SPB2 was the
low power consumption of the AGET system of < 10mW per channel.

The AGET ASICs are integrated into groups of four on ASIC Support
& Analog-Digital conversion (AsAd) boards, providing 256 channels per
board. Up to four AsAd boards are connected to a Concentration Board
(CoBo), which, besides managing the AsAd boards and collecting the
digitized traces, applies time stamps, zero suppression, and compres-
sion algorithms to the digitized signals. We use one AsAd board for the
Trinity Demonstrator and two boards for EUSO-SPB2.

The AGET is designed to digitize signals from time projection cham-
bers, which produce much slower signals with rise times on the order
of 100 ns. However, our camera signals have < 10ns rise times, which
result in a non-linear response of the AGET. We regained a linear
response after inserting a third-order low-pass Butterworth filter with
a cut-off frequency of 15 MHz at the input of each AGET channel,
resulting in a 20 ns rise time.

4.5. Power supply and distribution

Power for the camera electronics and the SiPMs is provided by a
custom dual power system consisting of the Low-Voltage Power Supply
(LVPS) and the High-Voltage Power Supply (HVPS) boards. Power for
the LVPS/HVPS boards comes from an external 18–30 V source, which
is an array of batteries in the case of EUSO-SPB2 and a programmable
SL32-46/U power supply from MAGNA Power in the case of the Trinity
Demonstrator.

The LVPS board integrates multiple DC-DC converters that generate
the +3.3 V, +5 V, and +12 V needed for the different components of
the camera and the readout. In EUSO-SPB2, the LVPS also powers the
camera computer and the CoBo module of the AGET digitizer. The
voltages and currents on the LVPS board are monitored with four 24-bit
16-channel Analog-to-Digital (ADC) converters (AD7173-8BCPZ).

The HVPS board generates the SiPM bias voltages in eight inde-
pendent high-voltage (HV) channels, each channel powering 64 SiPMs.
The voltage of each channel is adjustable with 16-bit Digital-to-Analog
(DAC) converters (AD5686R) up to 50 V, with a resolution of 1 mV. The
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Fig. 11. Exploded view of the EUSO-SPB2 camera showing the heat pipes (purple),
the copper blocks (brown) coupled to the eMUSICs, and the cold plate (gray) the heat
pipes couple to.

current of each HV channel is limited to 20 mA to protect the eMUSICs,
which are damaged if the SiPM currents are too high.

The EUSO-SPB2 system also included a power distribution unit,
which was commanded by the camera computer via CAN bus and con-
trolled the power to several auxiliary systems (ambient light sensors,
telescope tilt, telescope shutter, LED flasher).

4.6. Camera computer

The camera computer for EUSO-SPB2 was a dual-core single-board
computer from RTD Embedded Technologies (CMA24CRD1700HR).
The camera computer for the Trinity Demonstrator is a Sintrones EBOX-
7000 edge computing device designed for industrial automation that is
passively cooled and operates over a wide temperature range of −40◦C
– +70◦C. Its CPU is an Intel Gen9 Core i7-9700TE. It has 8 GB of RAM
and features an integrated 10-minute backup UPS. The EBOX connects
to the external network with a 10 GB SFP PCIe network card.

The camera computers receive the digitized waveforms from the
AGET system and perform several management and monitoring tasks.
The computers also command and configure the Trigger board and
the AGET digitizer via an Ethernet connection and the SIAB microcon-
trollers and LVPS/HVPS boards via a System Management Bus (SMBus
or I2C).

The camera computer’s control software is programmed in C++
and relays commands to the corresponding processes running on the
camera computer using POSIX message queues. Replies are sent back
in a separate message queue.

5. Cooling system and thermal vacuum testing

The design of the cooling system is driven by the requirement to
perate the EUSO-SPB2 camera at 33 km altitude where the ambient
ressure is ∼ 1hPA, and convective cooling becomes inefficient. We
evised a system of heat pipes for the camera unit that transports heat
rom inside the camera to its sides (see Fig. 11). Inside the camera, the
eat pipes are thermally coupled with copper blocks to the eMUSIC
ackages. Each eMUSIC generates 0.50 W of heat, which, when the
ower of all eMUSICs is totaled, amounts to about 90% of the power
f the camera unit. On both sides of the camera, the heat pipes couple
o liquid-cooled cold plates (see also Fig. 12).

Fig. 13 shows simulations of the temperature distribution inside
the camera cooling system, and Fig. 14 shows the simulation of the
temperature distribution of the cooling liquid inside the cold plate. The
emperature gradient of the copper blocks is about 4 ◦C between the

center top of the camera and the side of the camera, resulting in a
 p

7 
Fig. 12. Fully assembled EUSO-SPB2 camera. The heat pipes coming out on the
sides are coupled to liquid-cooled cold plates. The tubing filled with glycol antifreeze
connects to the cold plates. The wires are probes to monitor the temperatures at
different points in the camera during thermal vacuum testing.

Fig. 13. Simulation of the temperature distribution of the camera cooling system. The
simulations assume 0.5 W per eMUSIC, 1 hPa ambient pressure, and a temperature of
the cold plate of 0◦C. The rectangular blocks on the left side are the copper blocks
thermally coupled to the eMUSIC chips.

∼ 2.5% gain gradient of the SiPMs, which is compensated when the
amera is flat fielded during operation of the camera.

For EUSO-SPB2, the glycol-based antifreeze liquid was circulated
y two parallel connected gear pumps ZY-1305 from Speck and cir-
ulated through two radiators salvaged from a CPU cooling system,
ORSAIR iCUE H150i RGB PRO XT 360 mm Radiator. The radiators
ere mounted outside the telescope radiating into space (see Fig. 15).

n the case of the Trinity Demonstrator, the liquid circulates through an
MTech 6L Industrial Water Chiller, set to a temperature of +6◦C (see
ig. 16).

The electronics in the readout unit, i.e., the digitizer, computer,
witches, etc, are passively cooled in EUSO-SPB2 with heatsinks
ounted on the outside of the enclosure of the readout unit (see

ig. 15). For the design of the heatsinks, we thermally modeled the
eadout unit with all heat-producing components at their respective

 the
ositions and their respective power consumptions (see Fig. 17). In
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Fig. 14. Simulation of the fluid flow through the cold plate and the corresponding
temperature distribution. The liquid flows from top to bottom at a rate of 0.2 l/min,
nd the liquid’s temperature is 0 ◦C at the top.

Fig. 15. The cooling system of the EUSO-SPB2 camera and readout units. The radiator
of the camera cooling system is mounted on the side of the Cherenkov telescope box.

he insert shows the readout unit mounted on the bottom of the telescope with its
eatsinks facing the Earth. Also in the picture is the Fluorescence Telescope that flew
n EUSO SPB2 [46].
s

8 
Fig. 16. The Trinity Demonstrator. In the front left is the Chiller for the cooling of
the camera. Behind it is the crate with the readout electronics. The reflection of the
camera can be seen in the mirrors of the Demonstrator.

Fig. 17. Simulated temperature distribution inside the enclosure of the readout unit.
The simulations assume that the heatsinks face Earth with a surface temperature of
+20◦C and an ambient pressure of 1 hPa.

Trinity Demonstrator, the digitizer components are cooled by forced air
and all other components by convection.

5.1. Thermal vacuum testing

We thermal-vacuum tested the EUSO-SPB2 camera and readout over
 wide ambient worst-case temperature range expected during flight
−20◦C – −45◦C) at sea-level pressure and at 1 hPa expected at float
ltitude. The temperature expected during flight is the much colder
.7K of space. Fig. 18 shows the EUSO-SPB2 camera and readout in
he thermal vacuum chamber. The radiator faced a cold plate simu-
ating space with a temperature we varied over the aforementioned
ange, while the temperature of the chamber wall remained at room
emperature of ∼ +20◦C.

The thermal vacuum tests confirmed our thermal simulations, vali-
ated the performance of the EUSO-SPB2 cooling system, and showed
hat the readout and camera function over the entire tested temperature
ange at the expected ambient pressure at a float altitude of 33 km.
ith the cold-plate temperature between −40◦C and −45◦C, the SiPM

emperature stayed below +30◦C also when we illuminated the SiPMs
ith a steady light source mimicking expected and extreme night-

ky background (NSB) levels, thus keeping the SiPM dark-count rates
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Fig. 18. Setup for thermal-vacuum (TVAC) testing the EUSO-SPB2 camera. On top
s the electronic box (the readout unit) upside down with the heat sinks facing the

top chamber wall. Below the electronic box is the cold plate, whose temperature was
varied during testing. The electronic box is thermally shielded from the cold plate with
insulation foam (yellow plates). Right below the cold plate are the two radiators. The
camera sits on the bottom of the chamber. Insulation foam on top and the bottom of
the camera thermally shields the camera from the wall and the cold plate.

Fig. 19. Temperature measurements of the different components of the EUSO-SPB2
camera and readout during thermal vacuum testing. The different solid lines show the
emperatures of probes at different positions at the camera (see Fig. 12), components
f the readout unit, and the cold plate. The black dots show the average internal

temperature of the Atmega 328p microcontrollers, and the black stars show the
temperature measurements with the thermistors at the back of the SiPM matrices. At a
given average temperature, the individual SiPM thermistors did not vary by more than
±3◦C from the average in line with expectations from thermal simulations in Fig. 13.
When the cold plate reached a temperature of −40◦C at 10,000 s, the electronics, except
for the eMUSIC chips, were turned on. The eMUSICs turned on at 12,500 s and the
SiPM bias at 16,000 s.

below the NSB. Fig. 19 shows temperature measurements of different
components of the system during a 6-hour test cycle while the cold
plate was held below −40◦C. The expected temperatures of the SiPMs
during flight are lower because there we radiate into space with a
temperature of 2.7K.

6. Photosensor characteristics and integration

We evaluated devices from different vendors before purchasing the
SiPMs. Here, we present the characteristics of the Hamamatsu S14520-
6050CN, which we eventually selected because of its better spectral
9 
Fig. 20. Photon detection efficiency of the S14520-6050CN vs. bias voltage. We operate
he SiPMs at the bias where the PDE reaches 90% of its maximum value. For the
14520-6050CN that bias point at room temperature is at 44 V or 9% overvoltage.

Fig. 21. Optical crosstalk vs. relative overvoltage of the S14520. The black arrow
marks our adopted nominal operating point.

response at long wavelengths and lower optical crosstalk. At different
emperatures, we measured dark count rates, direct and delayed optical

crosstalk, effective cell capacitance, quench resistor, recovery time
constant, afterpulsing, and breakdown voltage. The characterization
of the photon detection efficiency, spectral response, gain, and break-
down voltage measurements and their distributions are presented in
Sections 6.2 and 6.3 for the S14521-6050AN-04 SiPMs, which we used
in the EUSO-SPB2 camera. We performed all measurements with the
setups and methods described in [47]. All uncertainties on data points
are statistical uncertainties only.

6.1. Characterization of the S14520-6050CN

Fig. 20 shows the photon detection efficiency (PDE) for four wave-
engths as a function of SiPM bias voltage 𝑈𝑏𝑖𝑎𝑠 at room temperature.
he red lines fit the data points with an exponential function [48]. From
he fit results, we read the bias voltage where the PDE reaches 90%
f the maximum PDE, which is at about 9% overvoltage for all wave-
engths. In the following, we adopt a 9% relative overvoltage as the

operating point of the SiPMs and discuss the impact that the measured
SiPM nuisance parameters at that voltage have on the operation of the
cameras. The 9% relative overvoltage operating point is marked with
a black arrow on the abscissa in the following figures.

Fig. 21 shows the direct optical crosstalk as a function of relative
overvoltage. The measurement at 40◦C is unreliable because the high
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Fig. 22. Effective cell capacitance vs. temperature of the S14520. The red lines shows
the average cell capacitance of 111 fF.

Fig. 23. Breakdown voltage vs. temperature of the S14520.

dark count rate at that temperature prevents a clear separation of
single photoelectron signals. A ∼ 1% optical crosstalk is extremely
low and does not impact the camera’s performance. Optical crosstalk
results in a bias in the energy reconstruction, which is compensated
or by including this optical cross-talk measurement in the camera
imulation. Optical crosstalk also increases signal fluctuations beyond
oisson statistics and thus worsens the energy resolution. But given
 typical energy resolution on the order of 10% an additional 1% is
nsignificant.

Fig. 22 shows the effective cell capacitance derived from gain
s. bias measurements at different temperatures. The effective cell
apacitance is defined as

𝑒𝑓 𝑓 = 𝛥𝑄∕𝛥𝑈 , (1)

.e. gain in electric charge divided by the overvoltage. The capacitance
aries by about 2% over 20◦C, which means any gain changes are
ominated by the temperature-dependent breakdown voltage, which is
hown in Fig. 23.

The breakdown voltage changes linearly with a slope of 37mV/◦C
etween −75◦C and +40◦C. Or normalized to the breakdown voltage
ith a slope of 0.1%/◦C, which is typical for SiPMs [47]. Because
e operate the SiPMs with a relative overvoltage of about 10%, the

emperature dependence of the gain at our operating voltage is only
.1%/10% = 0.01 per 1◦C or 1%/◦C. Such a small temperature de-
endence significantly reduces the need to keep the temperature of the
iPMs stable or to readjust the SiPM voltages constantly. A 10% change
n gain due to a 10◦C temperature change over the course of a night can
e calibrated during the analysis. The same argument also applies to the

emperature dependence of the breakdown probability, which factors

10 
Fig. 24. Cell recovery time constant vs. relative overvoltage of the S14520. If error
bars are not shown, they are smaller than the symbols.

Fig. 25. Afterpulsing vs. relative overvoltage of the S14520. If error bars are not
shown, they are smaller than the symbols.

into the PDE. However, because we operate the SiPMs at a bias where
the PDE and thus the breakdown probability are already saturating, the
relative changes of the PDE are even less than 1%/◦C.

Fig. 24 shows the charging time constant of a SiPM cell after a
breakdown. Within our measurement’s systematic uncertainties, the
ime constant does not depend on overvoltage. It does, however, de-

pend on temperature, which we attribute to a changing quenching
resistor of 0.3%∕◦𝐶 comparable to what we measured on other de-
vices [47]. With a 100 ns recovery time and an average night-sky
background rate of 200 MHz per SiPM we measured at the Trinity
Demonstrator on Frisco Peak, Utah, only 20 cells recover at any time
while the remaining > 14, 000 cells of the SiPM can accept photons. The
cell recovery time, therefore, does not limit the dynamic range or PDE
of the camera.

Afterpulsing has a similar impact on the camera performance as
direct optical crosstalk. It adds to the primary signal and needs to be
accounted for in the event reconstruction. The S14520 (see Fig. 25) has
an acceptable ∼ 5% afterpulsing probability at the operating point with
a time constant of a few ten nanoseconds.

Delayed optical crosstalk (see Fig. 26) effectively increases the NSB
plus intrinsic dark count rates as it happens significantly after the
primary signal. It is less than 5%, which increases the NSB and intrinsic
dark-count rate by the same amount and thus does not impact the
camera performance. The dark-count rates, shown in Fig. 27, are ten
times less than the expected night-sky background rate of 5 MHz/mm2

even at +40◦C. We expect to operate at +20◦C or below where the dark
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Fig. 26. Delayed optical crosstalk vs. relative overvoltage of the S14520. If error bars
re not shown, they are smaller than the symbols.

Fig. 27. Dark count rates per square millimeter sensor area vs. overvoltage of the
S14520. The measurement at −75◦C is affected by systematic effects. If error bars are
ot shown, they are smaller than the symbols.

count rate is < 1% of the night-sky background rate. The dark count
rates, thus, do not impact the camera’s performance.

6.2. Photon detector assembly and acceptance testing

After reflow soldering the SiPM matrices for Trinity onto their
carrier boards, we measured the breakdown voltage and relative gain
as part of the acceptance testing. For the testing, the SiPM matrix is
mounted onto a T-LSM100 A x-y stage from Zaber, as shown in Fig. 28,
and the stage aligns the SiPM under test with the mask’s opening.
The size of the opening guarantees that only the SiPM under test is
illuminated. The SiPM is flashed with 120 ps long pulses of 638 nm
light from a Picoquant picosecond laser PDL 800-B with a 638 nm LDH
8-1-469 laser head. Before the light hits the SiPM, it is intensity is
ttenuated by a factor of 1000 with neutral density filters to fit within
he linear range of the SiPM. The SiPM signals are amplified with a
ustom amplifier [49] and sampled with 5 GS/s by a DRS evaluation
oard [50].

We measured each SiPM’s amplitude response at 41 V and 42 V
ias voltage (𝑈𝑏𝑖𝑎𝑠). Because the amplitude response 𝐴 of the SiPM is
roportional to (see Eq. (1))

∝ 𝐶𝑒𝑓 𝑓 ⋅ (𝑈𝑏𝑖𝑎𝑠 − 𝑈𝐵 𝐷), (2)

we obtain from these measurements at the two bias voltages the
average effective cell capacitance 𝐶 from the slope of a fit with a
𝑒𝑓 𝑓

11 
Fig. 28. One of the Trinity SiPM matrices mounted on a Zaber T-LSM100 A x-y stage
nd illuminated with a picosecond laser at 638 nm. The laser is shining onto the mask

from the left. The illuminated SiPM is seen on the right side of the mask.

linear function, and the breakdown voltage 𝑈𝐵 𝐷 for each SiPM from
the intersection of the fit function with the abscissa at zero amplitude.

Fig. 29 shows the distribution of the breakdown voltages from these
measurements normalized to the 39.5 V average breakdown voltage of
all the Trinity SiPMs. The breakdown voltage distribution is sufficiently
narrow, so SiPM matrices did not have to be grouped by similar
breakdown voltage and all SiPM matrices are biased with the same
global HV.

Fig. 30 shows the relative gain distribution of the SiPMs for the
rinity camera normalized to the camera average. The distribution is
ue to differences in the effective cell capacitances.

For operating the camera, the bias voltages of the SiPMs are ad-
justed with the SiPM bias trim voltages provided by the eMUSICs to
roduce a uniform response of the camera to external light, which we
iscuss in Section 8.

.3. Photon detection efficiency measurements

A careful evaluation of the photon detection efficiency (PDE) is
ecessary because it is a critical factor in determining the telescope’s
hoton collection efficiency. Uncertainties in the PDE worsen the en-
rgy resolution and result in systematic offsets in the energy scale
uring event reconstruction. All PDE measurements have been per-
ormed with the setups described in [47] and directly feed into the
onte Carlo simulations for the Trinity Demonstrator and EUSO-SPB2.

Fig. 31 shows the PDE of one S14521-6050-AN04 versus wavelength
for six angles of incidence between 0◦ normal incidence and 80◦ for
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Fig. 29. Distribution of the breakdown voltages of the Trinity Demonstrator SiPMs
normalized to the 39.5 V camera average.

Fig. 30. Distribution of the gain of the Trinity SiPMs when operated at the same
overvoltage. The individual SiPM values are normalized to the camera average.

Fig. 31. Photon Detection Efficiency of the S14521 used in EUSO-SPB2 vs. wavelength
or normal up to 80◦ angle of incidence. The difference between positive and negative
ngles is due to small misalignments of the angle of incidence.

npolarized light. In these measurements, the SiPM was biased 2.25 V
bove breakdown, which equates to a 6% relative overvoltage, which
s below our nominal SiPM bias of about 12% overvoltage during
peration and larger than the 9% OV used for S14520-6050. However,
e find that the normalized spectral response shows little dependence
n the bias voltage and thus conclude that the change of the PDE
ormalized to normal incidence shown in Fig. 32 is the same for all
12 
Fig. 32. Relative Photon Detection Efficiency of the S14521 vs. wavelength for normal
up to 80◦ angle of incidence. The difference between positive and negative angles is
ue to small misalignments of the angle of incidence.

bias voltages, including the ones we will use in the operation of the
Trinity and EUSO-SPB2 cameras.

The oscillations in Fig. 31 are due to interference at and below
the surface of the SiPM. The oscillations shift to higher and lower
wavelengths with changing angle of incidence, resulting in the pat-
tern observed in Fig. 32. Within the systematic uncertainties of our
measurements, the PDE does not decrease up to angles of 60◦.

To calibrate the absolute photo response of the camera, we have
measured the PDE vs. wavelength for one SiPM in each SiPM matrix
with light under normal incidence. The remaining SiPMs are calibrated
in situ by comparing their response to the calibrated SiPMs when the
entire camera is uniformly illuminated with flashes from an LED light
pulser. In the in-situ calibration, we make use of the known breakdown
voltages and the effective cell capacitances of each SiPM discussed in
Section 6.2 to separate PDE from gain.

The relative calibration exploits that the spectral response does not
change from one SiPM to the next except for a scaling factor, which
is illustrated in Fig. 33. The response of all the 32 measured EUSO-
SPB2 SiPMs relative to the average of all 32 measurements is flat versus
wavelengths. The oscillations in Fig. 33 are due to slight wavelength
shifts of the oscillations seen in the spectral response of each SiPM.
For comparison, Fig. 34 shows the average PDE of all 32 EUSO-SPB2
SiPMs biased at 4.5 V overvoltage or 12% above breakdown voltage.
The relative response curves of the 32 measured SiPMs vary by 9%
(one standard deviation marked by the red line in Fig. 33) around the
average. The statistical uncertainty of the PDE of one SiPM is about 2%.

7. Characterization of the signal chain and discriminator

7.1. Linearity of the signal chain

For an absolute calibration of the cameras, we also need to know
the conversion factor from the digitized amplitude of the SiPM signals
into the number of photoelectrons or photons detected by the SiPM. We
obtained that conversion factor and characterized the linearity of the
signal chain by flashing the SiPMs with our Picoquant laser and varying
the intensity of the light flashes with neutral density filters to scan
the entire dynamic range of the digitizer. In these measurements, it is
safe to assume that the 120 ps-wide laser pulse does not add additional
width to the 30 ns FWHM pulse shape recorded by the digitizer. The
pulse width is mostly determined by the transfer function of the low-
pass filter in front of the digitizer. Thus, the normalized pulse shape
does not change with the intensity of the light pulse within the linear
range of the signal chain and it is also representative of the pulse shape
expected for a single photoelectron signal.
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Fig. 33. Distribution of the relative photon detection efficiency vs. wavelength for
2 of the EUSO-SPB2 camera SiPMs. The blue/green and green shaded lines show

the individual SiPM responses. The standard deviation is indicated by the two red
PDE curves that sandwich 68% of the measured SiPMs. The standard deviation is 9%,
larger than the 2% statistical uncertainty of one measurement. All SiPMs are biased
4.5 V above breakdown voltage.

Fig. 34. Average PDE calculated from 32 EUSO-SPB2 camera SiPMs. Oscillations in
the PDE are from diffraction stemming from the surface layers of the SiPM. The PDE
was measured at 4.5 V overvoltage or at 90% breakdown probability.

A drawback of the 30 ns wide signals is that they significantly
verlap single photoelectron signals from dark counts, thus inhibiting
he identification of single photoelectron signals in the digitized traces.
n order to obtain an absolute conversion factor based on single-

photoelectron signals, we also recorded the signals with a 500 MHz
bandwidth oscilloscope (Tektronix TDS3054C) by tapping into the
signal chain before the low-pass filter. From the clearly identifiable
single photoelectron signals on the oscilloscope, we thus obtained the
conversion factor from signal amplitude into photoelectrons for any
 p

13 
Fig. 35. Linearity and dynamic range of the signal chain. The abscissa shows the laser
intensity as the average recorded photoelectrons. The red line shows the result of a fit
of the data with a linear function.

Fig. 36. Relative error compared with Poisson limit.

signal recorded with the oscilloscope. With that conversion factor,
we measured the average number of photoelectrons for each laser
intensity.

Combining the average number of photoelectrons from the oscil-
loscope measurement with the average digitized amplitude from the
AGET system, we then obtain a conversion factor of 10.07 ± 0.09 digital
counts per photoelectron for the digitized signal amplitudes in photo-
electrons for the EUSO-SPB2 SiPMs. Fig. 35 shows the measurements
for different laser intensities. The SiPMs are biased at the nominal 4.5 V
above breakdown in this calibration. We find that the signal chain is
linear up to a signal of 300 photoelectrons. For more intense signals,
he digitizer frontend saturates, and the response becomes nonlinear.

Fig. 36 shows the relative standard deviation of the recorded am-
litudes for each laser intensity between 20 photoelectrons and 300
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Fig. 37. Superposition of the jitter-corrected pulse shapes recorded by flashing a
camera pixel with, on average, 288 photoelectrons.

photoelectrons. In case the pulse-to-pulse fluctuations are only due to
Poisson statistics, the expected distribution of the recorded amplitude
distribution has a relative standard deviation of

√

𝜇∕𝜇, where 𝜇 is the
average number of photoelectrons per pulse and

√

𝜇 is the standard
deviation of the amplitude distribution in units of photoelectrons.

The relative width for each intensity agrees well with expectations
for Poisson statistics indicated by the red line in the figure. We conclude
that noise in the electronics does not significantly contribute to the fluc-
tuations for recorded signals above 20 photoelectrons. For amplitudes
below 20 photoelectrons, the fluctuations are increasingly dominated
by baseline fluctuations due to dark counts. For signals with 300 or
more photoelectrons, we observe that the relative width increases (see
the last data point in Fig. 36) due to the onset of saturation in the signal
chain.

For each laser intensity, we also measured the average pulse shape,
which we are using in our Monte Carlo simulation to model the camera
response. When we recorded the laser pulses with the AGET system, we
also recorded with the AGET the gate-generator signal that triggered
the picosecond laser. In the averaging procedure, we then shifted the
recorded trigger pulse relative to the trigger pulse recorded with the
first laser pulse until the Chi-square between the two recorded trigger
pulses was minimized. We then added the time-shifted samples to the
average trace. In this way, we eliminate the phase jitter between the
gate-generator signal and the sampling clock of the AGET system and
obtain a pulse shape with sub-nanosecond resolution. Fig. 37 shows one
example.

7.2. Crosstalk between camera pixels

We characterized the crosstalk between camera pixels by flashing
ur picosecond laser at a SiPM and recording the response in all 64
hannels that connect to the same AGET chip. Unlike in the acceptance
esting, where we illuminated the entire SiPM, we placed an adjustable
inhole in front of the SiPM to ensure light does not spill over into
eighboring channels. With the pinhole in place and the SiPM biased
.5 V above breakdown, we typically detected 150 photoelectrons per
aser pulse.

We recorded 1000 laser pulses for each crosstalk measurement and
hifted the recorded traces in time as we did above to obtain one
verage trace for each pixel. Fig. 38 shows the average traces of all
3 pixels excluding the pixel we flashed with the laser. The onset of

the signal in the flashed pixel is at 2.5 μs on the very left of the figure.
14 
Fig. 38. Superposition of the average traces of 63 pixels each pixel has a different
color. The trace amplitudes are normalized to the amplitude of the signal in the pixel
flashed with the picosecond laser, which is not shown. The onset of the signal in the
flashed pixel is at time 250, at the very left of the figure. The maximum amplitude for
each pixel is shown in Fig. 39.

Fig. 39. One example crosstalk measurement where the white pixel is illuminated with
a picosecond laser. The pixels with the highest crosstalk are connected to the same SIAB
s the flashed pixel. All 64 pixels in the figure are connected to the same AGET chip.

his figure allows us to determine the magnitude of the crosstalk in
ach channel and when after the primary signal, the crosstalk appears
n each channel. We observe that the first indication of crosstalk in
ll 63 pixels is 30 ns delayed relative to the laser signal and is on the
rder of 2%. At later times, around 100 ns, the crosstalk peaks in some
hannels at about 5% and at about 4% after 200 ns. In Fig. 39 we
uantify the maximum crosstalk in each pixel over 300 ns for the case
here the white pixel has been flashed. The sixteen pixels in the lower

eft quadrant belong to the same SIAB and show the highest crosstalk
f 7%. The crosstalk in the remaining channels amounts to 5% and is
ue to crosstalk in the low-pass filter boards attached to the digitizer.

Repeating the measurement by successively flashing all 64 pixels,
we arrive at the crosstalk distribution in Fig. 40. The majority of the
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Fig. 40. Crosstalk distribution between pixels connected to the same AGET.

Fig. 41. Trigger rate scan for a laser intensity of 88 photoelectrons.

rosstalk is below 5%. The average is 5%, and in a handful of cases, we
observe a crosstalk of almost 20%. To account for the crosstalk in the
event reconstruction, we implemented these measured crosstalk values
into our simulations.

7.3. Linearity of the discriminator

We characterized the linearity of the discriminator and calibrated
the discriminator threshold in units of photoelectrons with the same
setup we used to measure the linearity of the signal chain. The SiPM
bias voltage is set to 4.5 V above the breakdown voltage. The discrim-
inator threshold is adjustable in 512 steps, where 512 is the lowest
and 0 is the highest threshold. We scanned the discriminator threshold
for a given laser intensity and recorded the trigger rate for each dis-

criminator setting. Fig. 41 shows the trigger rate versus discriminator

15 
Fig. 42. Calibration curve of the eMUSIC discriminator. After about 200 pe the
discriminator saturates and the trigger threshold is always exceeded.

setting for one such measurement when the laser intensity was set to
88 photoelectrons. The trigger rate is normalized to the pulse rate of
the laser. As the discriminator threshold goes from a small value to a
high value (high to low threshold), the trigger rate increases until the
discriminator triggers on all laser pulses. We define as threshold the
discriminator setting where 50% of the laser pulses are registered. We
quantified the discriminator threshold by fitting the data points with
an error function.

Fig. 42 shows the thus-determined discriminator thresholds ver-
us different laser intensities for one camera pixel. From 0 to 200
hotoelectrons amplitudes, the discriminator responds linearly before
t reaches its highest threshold. We fit the linear range and obtain

a calibration factor of −1.4 ± 0.1 discriminator threshold steps per
photoelectron with a positive offset of 303 photoelectrons.

8. Flatfielding

A uniform camera response simplifies its operation and data anal-
ysis. It is achieved by adjusting the SiPM bias such that the product
of PDE, SiPM gain, and signal-chain gains and losses is the same for
all pixels in the camera. Flat-fielding is the procedure of adjusting the
SiPM bias to achieve a uniform camera response.

In the flat-fielding procedure, the camera is uniformly illuminated
with a pulsed light source. For the first round of light flashes, all SiPMs
are biased 4.5 V above their respective breakdown voltage, the bias
voltage where the PDE reaches 90% of its maximum value. From the
recorded signals, an average amplitude is calculated per pixel 𝐴𝑝, and
then the average pixel values are averaged across the entire camera
𝐴𝑐 . The SiPM bias correction 𝛥𝑈bias for a pixel is then obtained by
multiplying the nominal 4.5 V overvoltage with the relative deviation
of the pixel average from the camera average.

𝛥𝑈bias = 4.5V ⋅
𝐴𝑐 − 𝐴𝑝

𝐴𝑐
(3)

The SiPM bias correction is then subtracted from the eMUSIC trim
voltage for that pixel. After updating the bias voltages of all pixels
accordingly, the camera is flashed again with light pulses, and the
procedure is repeated until a uniform camera response is achieved.
We typically require only one iteration. After completion of the flat-
fielding, the pixel response is uniform, with a standard deviation of
0.05 (see Fig. 43). The 1000 flashes per pixel average amplitude

measurement results in percent-level uncertainties.
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Fig. 43. Distribution of the average amplitudes of all camera pixels after flat fielding.

9. Current monitor

We characterized and calibrated the current monitor output of the
eMUSICs by illuminating the SiPMs with a steady LED. By varying the
current through the LED, we varied its intensity and thus could scan a

ide range of SiPM currents from ∼ 10 μA to 450 μA. For comparison,
the typical SiPM current in the Trinity Demonstrator is 14 μA per pixel.

Fig. 44 shows that the current monitor output is linear over the
tested range and shows very little dependence on temperature. We
tested the current monitor at −40◦C and +25◦C. At low SiPM currents,
the current monitor is limited by the small 5.3 μV∕μA slope such that de-
spite the 16-bit effective resolution of the ADC, we obtain a resolution
of 7.6 μA∕ADC count.

10. Summary and outlook

We have developed and built the cameras and readout for the
Trinity Demonstrator and the EUSO-SPB2 Cherenkov telescope. Both
are pathfinder and pioneering experiments exploring the detection of
Earth-skimming VHE and UHE neutrinos with the imaging atmospheric
Cherenkov technique.

Our cameras are the first SiPM cameras aiming at detecting Earth-
skimming neutrinos. The spectral response of the SiPMs is a good
fit for the Cherenkov spectrum expected to be detected by Trinity ’s
telescopes [25], allowing for compact telescopes with good sensitivity
and low energy threshold.

In building and bench testing the cameras, we verified their func-
tionality and characterized and calibrated the photon detection effi-
ciency, the response of the signal chain, the trigger system, and the
current monitor. These characterizations provide the necessary param-
eters to model our cameras in the Monte Carlo simulation of both
experiments and evaluate their sensitivity to Earth-skimming neutrinos.

Our instruments meet the requirements of the Trinity Demonstrator
and EUSO-SPB2 discussed in Section 2 and have been successfully
integrated into their telescopes. The EUSO-SPB2 project had its flight
in May 2023, and despite an unexpectedly short flight of only 36 h
and 52 min before the balloon plunged into the South Pacific, we
could demonstrate that the camera performed as expected [27]. The
Trinity Demonstrator camera had been integrated into its telescope in
October 2023, with regular observations starting shortly thereafter.
The camera and readout are performing as expected and have been
operating without technical issues since. Fig. 45 shows an air-shower
 i

16 
Fig. 44. SiPM current monitor measurement. The SiPM is exposed to different amounts
of background illumination.

Fig. 45. Uncalibrated air-shower image of a cosmic ray recorded with our camera
installed in the Trinity Demonstrator. The colors indicate the amount of Cherenkov
light detected in each pixel.

image of a cosmic ray recorded with the Trinity Demonstrator during
the commissioning phase.

The development of this first-generation SiPM camera for Earth-
skimming neutrino detection is only the first step toward a mature
design, particularly for Trinity. Operating the Trinity Demonstrator
camera for an extended period will give us the experience of observing
Earth-skimming neutrinos from mountaintops and maybe even yield
the detection of the first VHE neutrino. With the experience gained by
operating the Trinity Demonstrator, we will design the next-generation
amera, which we plan for the Trinity Prototype telescope, which has
 60◦ horizontal field of view and will need to be instrumented with a
300-pixel SiPM camera.
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