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The Trinity Demonstrator is a proof of concept prototype for the Trinity Neutrino Observatory, which is
sensitive to astrophysical neutrinos above PeV energies. The Demonstrator is a one-square meter class imaging
atmospheric Cherenkov telescope deployed on Frisco Peak, Utah, and remotely operated. The light-collection
surface is equipped with 77 mirror facets with 15 cm diameter, and its 3.87° x 3.87° field of view is
instrumented with a 256-pixel silicon-photomultiplier camera yielding a 0.24° angular resolution. The camera
signals are digitized with a 100 MS/s, and 12-bit resolution switched capacitor array readout. We discuss the
Demonstrator’s design, the telescope’s deployment on Frisco Peak, and its commissioning.

1. Introduction

The neutrino sky above PeV energies is very much unexplored.
Below PeV energies, IceCube’s detection of the galactic plane [1], the
extragalactic diffuse neutrino flux [2], and potentially the first two
high-energy neutrino sources, the Seyfert galaxy NGC 1068 and the
blazar TXS 0506+056 [3,4], are first-hand examples demonstrating
the impact of high-energy neutrino astrophysics on time-domain and
multi-messenger astrophysics.

It is commonly accepted that IceCube only sees the metaphorical
tip of the iceberg. Instruments that reach above PeV energies can
thus be expected to open an entirely new window on the Universe,
the very-high-energy (VHE, > 1PeV) and ultra-high-energy (UHE, >
1 EeV) neutrino bands. VHE and UHE neutrinos will provide us with a
new and complementary way of studying accretion and jet formation
around supermassive black holes, the acceleration, propagation, and
composition of ultra-high energy cosmic rays, and a pathway to search
for new physics beyond the standard model of particle physics to only
name some important topics [5].
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The sensitivity limits of IceCube and Pierre Auger Observatory
constrain the fluxes of VHE/UHE neutrinos to extremely low val-
ues [6-8] even though KM3NET has recently detected a neutrino with
120PeV [9]. The low neutrino fluxes translate into requirements for
new instruments to monitor areas of thousands of square kilometers
or hundreds of cubic kilometers of ice or water. These vast areas and
volumes must be instrumented with sufficiently fine granularity to
detect VHE and UHE neutrinos. Among the proposed techniques are
radio arrays deployed in-ice [10,11], on the surface [12,13], or on sub-
orbital balloons [14], in-ice RADAR [15], particle detectors deployed
in valleys [16], and finally imaging air-shower Cherenkov telescopes
pointing at the horizon [17-19].

The proposed Trinity PeV-neutrino Observatory is a system of
Cherenkov telescopes deployed on several mountaintops. The tele-
scopes detect air showers that result from tau neutrinos that enter the
Earth under an angle of less than ten degrees. At such small angles, the
length of the trajectory inside the Earth is just right for VHE/UHE tau
neutrinos to undergo a charged current interaction and the resulting
tau to decay in the atmosphere once the tau has emerged from the
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ground [20]. The decay of the tau in the atmosphere initiates a particle
shower causing the emission of Cherenkov light.

The mirrors of a Trinity telescope collect Cherenkov light from the
air shower and project an image of the air shower onto the telescope’s
focal surface where a silicon-photomultiplier camera records the im-
age. By analyzing the image one can then reconstruct the neutrino’s
energy and arrival direction. The technique to image air showers was
originally developed for VHE gamma-ray astronomy, where it has been
successfully used for the last thirty years [21,22].

Once completed, the Trinity Observatory will comprise eighteen 60-
degree wide-angle Cherenkov telescopes deployed at different sites to
maximize Trinity’s acceptance for diffuse neutrino fluxes. Trinity’s core
energy range is between 1PeV and 1EeV [23]. We develop Trinity
in three stages. The first stage is the Trinity Demonstrator, which we
report here. The second stage will be Trinity One, the first Trinity tele-
scope. In the final stage, once Trinity One is operational, we anticipate
scaling to the full 18-telescope Trinity Observatory.

The Trinity Demonstrator’s goal is to establish the Trinity concept by
validating and demonstrating that projected sensitivities for Trinity can
be met. This includes understanding how different types of background
events impact the sensitivity and how to efficiently suppress them in the
analysis. Finally, the Demonstrator points toward the direction where
NGC 1068 and TXS 0506+056 cross the horizon, with the goal of
constraining VHE/UHE neutrino emission from both objects.

2. Description of the Demonstrator telescope

Fig. 1. The Trinity Demonstrator inside its building on Frisco Peak, Utah.

The Trinity Demonstrator is deployed on Frisco Peak, Utah, 2930 m
above mean sea level (see Fig. 1). Compared to the future Trinity
telescopes, the Trinity Demonstrator’s light-collection area is about ten
times smaller and has a different optical design. Yet, the Demonstrator
shares key parameters with it, such as the angular resolution, sampling
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speed of the readout system, and nearly identical vertical field of view.
In sharing these, the Demonstrator can prove the viability of the Trinity
concept.

In the following description of the Demonstrator we distinguish
between the telescope structure, which includes the optical support
structure with its mirrors and the camera housing, the movable cabinet
on the floor next to the telescope with the data acquisition and the
power supplies, the camera, and auxiliary systems.

2.1. The optics

Fig. 2 shows a CAD drawing of the telescope with its main com-
ponents. The optical support structure (OSS) supports the 84 mirror
facets and positions them on the surface of a sphere with a radius of
1.48m, equal to the focal length of the mirror facets. i.e. a Davies-
Cotton optics [24]. The camera focal plane is positioned to be at the
center of the sphere.

Fig. 2. CAD drawing of the Trinity Demonstrator: 1 - mirror facet; 2 - optical support
structure; 3 - camera housing.

Fig. 3 shows the mechanical structure of the Demonstrator installed
on Frisco Peak before the installation of the mirrors. The OSS consists
of six triangles or sectors, forming a hexagon when assembled. Each
sector can hold up to 14 mirrors.

The OSS is installed into its support structure, which consists of
two side supports interconnected with two horizontal supports at the
bottom. Ball bearings on each side support allow the OSS to freely
rotate up and down. The OSS support structure is bolted into the
foundation of the Demonstrator building, with the telescope’s optical
axis permanently aligned at an azimuth angle of 280° + 0.06°. The
Demonstrator structure was designed to be assembled in the field by
at most three persons. On-site assembly of the OSS took about three
hours.

Because the center of gravity of the fully populated OSS is forward
of the hinges, the OSS naturally wants to tilt down. A jack screw that
is installed into a threaded block mounted on the center of the rear
interconnecting support counters the downward motion and is used
to adjust the pointing of the telescope in elevation (see Fig. 4). In its
normal observing position, the center of the telescope camera points
1.68° below the horizontal.

The mirror facets are concave spherical surface mirrors with a glass
substrate and protected aluminum coating. Each facet is round and has
a 15 cm diameter. The mirrors were repurposed from a previous exper-
iment, and their properties and history are not well known. At present,
the OSS is equipped with 77 facets with a combined light-collection
area of 1.36 m2.
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Fig. 3. The optical support structure of the Demonstrator after installation on Frisco
Peak.

Jack screw

Fig. 4. The Jack screw for adjusting the pointing of the telescope in elevation,
indicated by red arrow.

The shaded band in Fig. 5 shows the range of mirror reflectivities of
10 facets measured before the telescope was deployed. The reflectivity
is relatively flat between 300 nm and 1000 nm with an average of about
80%. The four reflectivity curves in the same figure are measurements
of two mirror facets recorded after one year of operation. The measure-
ment of each mirror was repeated at a different location on the mirror
surface and agree with one another. The reflectivity of both mirrors
is fully contained within the band of the pre-deployment reflectivity,
which is why we conclude that the mirrors did not significantly degrade
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Fig. 5. Shaded band: Reflectivity of ten mirrors measured before telescope deployment.
Data points: Reflectivity measurements of two mirrors after one year of telescope
operation. The reflectivity of each mirror was measured twice at different points of
their surfaces.

during the first year of operation. We attribute the different wavelength
dependencies to different batches of mirror production.

We measured the reflectivities with a Xenon arc lamp coupled to a
monochromator. Light of a selected wavelength was first recorded by
directly illuminating a photodiode and then by reflecting the light first
off the mirror under test with an angle of incidence of about 10°. During
the measurement, the intensity of the Xenon lamp was independently
monitored with a second photodiode. Care was taken to ensure the light
spot was fully contained in both photodiodes.

Fig. 6(a) shows how a mirror is installed in the OSS, and the mirror
mount on its own is shown in Fig. 6(b). To interface the mirror facet
with its mount, a Quad-Lock' is glued to the back of a mirror facet
with Epoxy Adhesive DP190 from 3M. The quad-lock attaches to an
aluminum milled receptacle that is mounted on a IM100.T2a optics
mount from SISKIYOU, which is used to adjust the tip/tilt of the facet
(see Section 3.1). To position the mirror at the right distance from the
camera, i.e. one 1.48 m focal length, the rod of the mount can be moved
axially in 1/4-inch steps. For fine-tuning, the tip/tilt assembly can be
moved along the rod with the help of a fine-threaded nut. Once the
mirror is at the right distance, it is tightened in place with two set
screws.

2.2. The camera and readout system

The focal plane of the Demonstrator is instrumented with the 256-
pixel silicon photomultiplier (SiPM) camera shown in Fig. 7. Installed
in the Demonstrator, the camera observes a 3.87° x 3.87° region and is
protected with a 6 mm thick Clear UVT Acrylic Plastic window from
EMCO Industrial Plastics. Fig. 8 shows the transmission of the window
under normal incidence, which is 93% +1% above 350 nm.

The SiPMs used in the camera are S14161-6050HS-04 devices from
Hamamatsu. Each SiPM has a size of 6.25mm x 6.25 mm and consists of
14331 Geiger-mode cells. The S14161-6050HS-04 groups 16 SiPMs into
a 4 x 4 matrix and is attached to a front-end readout board [25] where
the SiPM signals are amplified and shaped with eMUSIC ASICS [26].
The eMUSICs also trim the bias voltage of each SiPM, which is used to
flatfield the camera response (see Section 3.2.1). The amplified signals
are routed via the camera backplane and through Samtec micro-coaxial
cables into a cabinet (see Fig. 9) next to the telescope where the signals
are digitized by a 256-channel AGET based digitizer [27].

1 https://www.quadlockcase.com/collections/shop-mounts/products/quad-
lock-st-adhesive-mount-twin-pack?variant=179958462
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(a) Mirror mount and adjustment: 1 - mirror facet; 2 - set screw to fix axial mirror position
after coarse alignment; 3 - mirror mount interface block on the OSS

(b) Mirror mount without mirror: 1 - milled aluminum receptacle; 2 - tip/tilt IM100.T2a
optics mount; 3 - tip/tilt alignment thumb screws; 4 - set screw to lock fine adjustment;
5 - nut to fine adjust the distance of the mirror to the focal plane; 6 - mounting rod with
1/4-inch marks for coarse adjustment

Fig. 6. Mirror mount with and without mirror.

The AGET samples the SiPM signals at a rate of 100 Megasamples
per seconds and stores the analog amplitudes in a 512-cell ring-
capacitor sampler. When the readout is triggered the signals stored in
the ring sampler are digitized with 12-bit resolution and saved on the
computer that is integrated into the cabinet. The cabinet also houses
the power supplies for the SiPM bias voltage and camera electronics
and a network switch.

Before deployment, we bench-tested the camera, readout, and trig-
ger in the laboratory. Detailed results are given in Bagheri et al. [25];
we, therefore, restrict ourselves to a summary of the main charac-
teristics. During data taking, we operate the SiPMs about 5V above
the breakdown voltage of 39V, which yields a > 50% peak photon-
detection efficiency at 470 nm with a broad tail extending out to
1000 nm. After shaping the SiPM signals with the eMUSIC and the low-
pass filter in front of the digitizer, the full-width at half maximum of
the digitized SiPM signals is 30 ns. The dynamic range of the readout is
linear up to 125 detected photoelectrons, which is half of the dynamic
range in EUSO-SPB2 [28] because we operate the SiPMs at twice the
gain, as we detail below. The average electrical crosstalk between
camera pixels is 5% but can be as high as 20% in some combination
of pixels [25]. When the readout is triggered, we record the full 5.12 ps
traces of all camera pixels, which takes 1.44 ms. Combined with an
average trigger rate of less than 10 events per second, the effective dead
time of the Demonstrator is below 1.4%.
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Fig. 7. The Demonstrator camera. The front of the camera consists of 16 SiPM matrices.
The copper tubes are heatpipes, which are part of the camera cooling system.
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Fig. 8. Transmission of the 6 mm thick entrance window of the camera.

The trigger is implemented in a Mesa Electronics’ 7I80HD-25 Field
Programmable Gate Array (FPGA) Ethernet Anything I/0 card, which
receives the discriminator outputs of the 32 eMUSICs of the camera.
Inside an eMUSIC, each of its eight input channels connects to a
discriminator with an adjustable threshold. The eight discriminator
outputs are then combined with a logic OR, and the OR’s output is
then sent from the eMUSIC to the Mesa FPGA. The FPGA samples the
trigger inputs and issues a readout command to the AGET system as
soon as it senses a signal on any of the trigger inputs. Thus, the readout
triggers when the signal amplitude in one camera pixel goes above the
discriminator threshold [25].
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Fig. 9. Cabinet with the data acquisition. The Digitizer system consists of the AsAd
board with 4 AGET chips and a Micro-TCA crate that hosts the CoBo module, which
receives the digital data stream and forwards the data to the data acquisition computer
in the cabinet. At the input of the digitizer, low-pass filter boards slow the SiPM signals
to avoid a non-linear response in the AGET. The power supply board for the camera
is installed on the other side of the cabinet and not visible.

Source: Figure from Bagheri et al. [25].

Digitizer

2.3. Camera calibration flasher

During observing, the stability of the camera response is monitored
with a pulsed LED light source installed in the center of the OSS (see
Fig. 10). The Trinity calibration system is derived from the flasher sys-
tem built for the Small-Sized-Telescopes of the Cherenkov Telescope Ar-
ray (CTA) [29], which evolved into an Uncrewed-Aerial-Vehicle based
calibration system to cross-calibrate Imaging-Air-Cherenkov-Telescope
arrays such as CTA [30,31].

The Trinity flasher consists of a single UV LED, which emits light at
a wavelength of 400 nm, within a 15 degrees opening angle. The inten-
sity and duration of the light pulse is set by a microcontroller-controlled
circuit and a series of resistors and photo relays.? (see Fig. 11) Placed
in front of the LED is a UV-fused silica ground glass diffuser DG10-
220-MD to achieve uniform illumination of the camera. The calibration
flasher is triggered with 1 Hz throughout observations. We assessed
the uniformity of the flasher intensity across the camera by moving
a standalone SiPM across the focal plane, and found that the flasher
intensity is uniform within the 1% uncertainty of our measurement.

The flasher is triggered with a Transistor-Transistor Logic (TTL)
signal from the telescope’s trigger board and is powered via USB by the
camera computer. The USB connection also allows in-situ programming
of the flasher.

2.4. Supporting infrastructure

The telescope operation is supported by several auxiliary systems,
which are described in this section.

Telescope building. The Demonstrator is housed in an 8 ft tall building
with an 11 x 12 square foot footprint (see Fig. 1). The sides and roof
of the building are covered with corrugated steel sidings. The roof
can be partially removed to observe cosmic-ray air showers. Utilities
connecting to the building are one network cable and one 120 V power
line. The building is accessible through a door, and integrated into
the west-facing side of the building is a roll-up door, which is opened
during observing.

2 For nightly calibration, we use 6 ns long pulses.
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Fig. 10. Calibration flasher in the center of the OSS with a diffuser installed in its
front.

Fig. 11. Calibration flasher viewed from the back of the telescope.

Network. The on-site network is accessible through a Palo Alto PA-
440 VPN gateway only from a gateway machine at Georgia Tech.
Fig. 12, shows a block diagram of the devices connected to the on-
site network. The CT-PC controls the telescope’s camera and readout
and stores the data taken with the telescope. From there, the data is
transferred daily to the computing cluster at Georgia Tech. The Control
PC manages the data from the weather station, two web cameras, and
the horizon camera. It also controls the roll-up door of the building and
automatically closes it in the presence of adverse weather conditions
or if the sun is about to rise. Two Cyperpower PDU41001 network-
controlled power distribution units (PDUs) with an SSH/HTTP server
allow the cycling of the power for any device onsite, including the
computers, cameras, weather station, heating mat, chiller, and the
individual components of the telescope.

Roll-up door. The roll-up door in front of the telescope is a commercial
product from Overhead Door. Opening and closing is controlled by an
ethernet relay controller, uSwitch, from uHave control. The uSwitch
has two relays. One relay controls the direction the shutter moves
and the second relay engages the shutter motor. These relays can be
controlled via a web page interface or through TCP commands sent to
the uSwitch in a Python program. The uSwitch is powered with a 12V
power supply connected to one of the PDU outlets.
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Fig. 12. Block diagram of the onsite network.

Weather station. Attached to the north-west corner of the building is
a Maximet 550 weather station from Gill Instruments (see Fig. 1).
It provides real-time wind speed and direction, atmospheric pressure,
relative humidity, and temperature information.

Data from the Maximet 550 is transmitted to the control computer
via a serial connection and the weather information is sampled once
per second and saved into an ASCII file. Additionally, the weather
information is uploaded every 10 min to Windy.com,® an online public
weather service. The weather station is powered by a 12V power supply
connected to a PDU outlet.

Monitoring cameras. There are three cameras installed on site. Two of
them are internet protocol (IP) cameras, SV-VP4-N, manufactured by
SureVision and powered over ethernet. The imaging sensor of the SV-
VP4-N is a Starlight CMOS chip that excels in low-light conditions and
has high IR sensitivity for night vision. Fig. 13(a) shows a snapshot
taken with the camera installed inside the building, and Fig. 13(b)
shows a snapshot taken with the camera installed on the outside of
the building pointed at the roll-up door. Images of each camera are
taken every minute and saved on the control computer. In addition,
the indoor camera is programmed to start recording additional images
every time it detects motion.

The third camera is a planetary astronomy camera ZWO ASI120MC-
S with a 150° field of view 28-mm lens for all-sky viewing. The imaging
sensor is a 1/3” CMOS AR0130CS with 1280 x 960 pixels. The camera
connects with USB 3.0 to the control computer. It is installed above
the roll-up door and points at the horizon, which is why we call it the
horizon camera (see Fig. 13(b)). Fig. 14 shows a snapshot taken with
the horizon camera.

The horizon camera allows us to assess the condition of the sky
while observing. Pictures are taken every 5 min and saved to the control
computer.

The pictures of all three cameras are uploaded to the public Trinity
website to provide a live view of the site. Additionally, the snapshots
are processed into daily timelapse videos and uploaded to YouTube.*

Heating mat. During winter, snow can build up in front of the roll-
up door, preventing it from properly closing. To avoid build-up, we
installed a 13 x 365cm? Tempurtech Heated Roof mat in front of the
door. The 120 W mat is connected to a PDU outlet with an auto-reset
GFCI extension cord. Fig. 13(b) shows the mat in action during a recent
snow event.

3 https://www.windy.com/station/pws-f058b862?31.185,-113.291,5
4 https://www.youtube.com/@demonstratorcams
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Fig. 13. Pictures taken with the SV-VP4-N cameras installed (a) inside the building and
(b) outside the building. The picture also shows the horizon camera installed encircled
in red above the roll-up door in the upper left corner of the picture.

20250117 18:15:04 UTC

Fig. 14. Picture taken with the horizon camera. The red square shows roughly the
pointing direction and field of view of the Demonstrator.

Camera cooling. The camera cooling system is described in Bagheri
et al. [25]. In summary, the front-end chips are thermally coupled to
heat pipes, which transfer the heat into a liquid-cooled cold plate on
top of the camera (see Fig. 7). The cold plate is connected to a CW-5200
Industrial Chiller by Omtech, which is set at a fixed temperature of 0 °C.
The chiller is positioned on the floor next to the readout cabinet.

3. Commissioning
3.1. Mirror alignment

For aligning the mirror facets, we employ the method used by the
Whipple Collaboration for their 10 m Davies-Cotton telescope [32]. In
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Fig. 15. Sketch of the alignment procedure. An LED is offset from the optical axis in
the Alignment target and imaged back onto the target. The dot-shaded line represents
one ray reflecting off one mirror facet. The dashed line represents a ray from a light
source at infinity on the optical axis.

Fig. 16. Image of the mirror-alignment screen at the 2f point. The light spot on top
is the LED behind the pinhole. Centered in the crosshair at the bottom is the image of
the LED projected by all the mirror facets onto the screen after a complete alignment
of all mirror facets.

this approach, all mirrors are aligned by referencing an image at twice
the focal length, the 2f point. (see Fig. 15). We implemented the method
by placing a screen along the optical axis at the 2f point or 2.96 m from
the dish center. The screen has a pinhole with an LED about 1 inch
above the optical axis (see Fig. 16). According to geometrical optics,
the fully aligned telescope must project an image of the LED at the
same distance from the optical axis but on the opposite side of the
optical axis. We accordingly aligned the reflected image of each mirror
facet with the tip/tilt adjustment knobs of the mirror mounts. The LED
image of the fully aligned Demonstrator is shown in Fig. 16. The mirror
alignment takes two people to complete in two hours.

We quantified the optical point spread function of the telescope by
taking two pictures of the screen with a Raspberry Pi HQ Camera and
an Arducam 2.8 — 12 mm Varifocal Lens; one picture with the LED on
and one with the LED off for background subtraction. Fig. 17 shows
the background-subtracted radial brightness distribution at the screen
with an 80% containment radius of 4.3 mm. However, the brightness
distribution at the focal plane produced by a point source at infinity
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Fig. 17. Radial brightness distribution of an image at the 2f point after mirror
alignment.

is expected to be narrower. From simulations tuned to our 2f-point
alignment measurements, we conclude that the image of a point source
at infinity on-axis has a 2.1 mm 80% containment radius in the focal
plane, or 1/3 of the size of a SiPM.

The good optical performance of the Demonstrator is also demon-
strated with Fig. 18. The picture shows the part of the SiPM camera
that is pointed at the horizon and was taken shortly after sunset. The
dark horizontal structure is the mountain range to the west, which
the telescope optics images onto the SiPM camera. A perfect optics
would image a sharp transition from dark to bright, as described by
a step function, and any deviation from a step function is due to the
telescope’s PSF. Because the vertical scale of the image spans four rows
of SiPMs and the transition happens within a fraction of the size of a
SiPM, we conclude that the PSF across the entire lateral field of view
must be well within one SiPM.

3.2. Camera flat-fielding and gain calibration

3.2.1. Flat-fielding

Each SiPM has a slightly different response due to differences in
gain, breakdown voltage, and photon detection efficiency. Further-
more, the gain varies between readout channels. The result is an
inhomogeneous response of the camera to light if all SiPMs are biased
at the nominal 44 V. To arrive at a homogeneous response, we adjust
the bias of each SiPM with the following flat-fielding procedure.

We start by recording 3000 flashes with the camera calibration
flasher at a 42V SiPM bias voltage and another set of 3000 flashes
at a 44V. From the flashes recorded at 44V, we then determine the
relative response of each SiPM to the camera median. To find the SiPM
bias that minimizes the spread in the relative response, we make use of
the linear dependence of the SiPM gain on its bias [25], and that the
linear response is fully characterized by the 42V and 44V data sets.
With the linear response of each SiPM, we then calculate updated bias
values that bring the response of each SiPM in line with the camera
median. Finally, the changes in bias voltage are programmed into the
eMUSIC bias trim voltage.

After flat-fielding, the camera’s response is uniform within a 5%
standard deviation (see Fig. 19). The SiPM bias remains fixed during
observing, which causes the standard deviation to vary between 5%
and 10% due to the non-uniform response of the SiPMs to changes in,
e.g., background light intensity and temperature.
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Fig. 18. Image of the first row of SiPM matrices (4 x 16 SiPM camera pixels) taken
after sunset. Imaged onto the SiPM camera by the telescope optics is the mountain
range in the west at which the Demonstrator points. The ridge is clearly resolved,
demonstrating the optical performance of the Demonstrator. The dark vertical lines in
the middle are reflection artifacts.
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(b) Distribution of the relative pixel responses to the camera median.

Fig. 19. Relative response of the flat-fielded SiPM camera to calibration flashes
normalized to the camera median.

3.2.2. Gain calibration

Essential for the event reconstruction is the calibration of the cam-
era signals in units of photoelectrons, ie., the signal amplitude one
detected photon produces in the readout.

While SiPMs produce single photoelectron signals, the low band-
width of the Demonstrator readout spreads the SiPM signals so much
in time that the dark count signals significantly overlap preventing the
identification of single photoelectron signals and a direct measurement
of the calibration factor. Instead, we calibrate the intensity of the
calibration flasher and infer the gain calibration factor from the flasher
signals recorded with the Demonstrator readout.
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Fig. 20. Setup to calibrate the camera signals in photoelectrons. To the right of the
camera is the calibration S14160-6050HS SiPM, which can slide across the camera to
test the uniformity of the calibration flasher.

To calibrate the flasher intensity in average number of photons
detected by an SiPM per flash, we used a separate S14160-6050HS
SiPM, the same SiPM type used in the camera. Fig. 20 shows that
calibration SiPM installed in the camera. The signals of the calibration
SiPM are amplified with a Mini-Circuits ZFL-500LN+ amplifier and then
shortened with a passive RC-high-pass filter before being displayed on
a 500 MHz bandwidth TekTronix TDS 3054C oscilloscope.

The calibration SiPM and the camera SiPMs are biased at the same
5V overvoltage and, therefore, a flash from the calibration flasher
generates about the same number of photoelectrons in the calibration
SiPM as in each camera SiPM.

Fig. 21(a) shows optical crosstalk dark-count pulses of the cali-
bration SiPM. The bands corresponding to the pile-up of 6, 7, and
8 simultaneously fired SiPM cells are clearly identifiable. From the
average signal of 7 photoelectrons (PEs) at 30.7 mV (horizontal solid
yellow line), we determine a 4.37+0.01mV/PE conversion factor for the
calibration SiPM.

We then flashed the calibration SiPM with the calibration flasher,
obtaining an average amplitude of 177 + 1 mV (see Fig. 21(b)). Divided
by the conversion factor, we obtain 40.5 + 0.2 PEs as the average
detected number of photons in the calibration SiPM and thus also in
each camera SiPM. Because the calibration flasher signals are recorded
by the camera SiPMs with a median amplitude of 975DC (DC = digital
counts) in the camera readout, we finally arrive at a calibration factor
of 24.1+0.1 DC/PE per camera pixel. The calibration measurement was
done at a temperature of 12.7+0.1°C. Changes of the calibration factor
due to temperature are taken care off during the data analysis.

In bench testing, we measured that the camera response is linear
up to 2400 DC and becomes nonlinear at larger signals due to the
AGET digitizer (see Bagheri et al. [25]). With a 24.1 + 0.1 DC/PE
calibration factor, the dynamic range of one channel in the readout
is, therefore, ~100 photoelectrons. The dynamic range is adequate
for the Demonstrator with its small light-collection area. In the most
extreme and most unlikely case that an air-shower develops along the
telescope’s optical axis, the Cherenkov signal from a 1 PeV neutrino-
induced air shower saturates the readout if it is 25km or closer and a
100 PeV neutrino signal would saturate the readout if it is closer than
100 km. However, in the majority of cases, the air shower will develop
at an angle to the optical axis and at much larger distances. Therefore,
the signal spreads out over several pixels and a much smaller signal
will be detected per pixel [33].
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Fig. 21. (a) Optical crosstalk from dark count signals of the calibration SiPM. The
oscilloscope trigger is set slightly below 6 photoelectrons, and the horizontal yellow
line is centered at the average 7 photoelectron signal. (b) Averaged signal (256 traces)
of the calibration flasher recorded with the calibration SiPM.

3.3. Trigger calibration and flatfielding

To achieve a uniform trigger response across the camera, we had to
flatfield the trigger thresholds of the camera pixels. We accomplished
that by flashing the camera with the calibration flasher at a rate of
100 counts per second (cps) and scanning the discriminator thresholds,
recording the pixel trigger rate at each threshold setting.

Fig. 22(a) shows as an example the trigger-rate scans of 32 camera
pixels. The trigger threshold changes from high to low with increasing
digital-to-analog converter (DAC) value. The trigger rate in each scan
changes from zero to a plateau at 100Hz, which is when a pixel
triggers on all flasher signals. Decreasing the discriminator threshold
further (higher DAC), the discriminator eventually triggers in the noise,
resulting in a sharp increase of the trigger rate at about 350 DAC.

The trigger rate scans vary from pixel to pixel because the dis-
criminator thresholds are not calibrated. We flatfielded the trigger
response by determining for each pixel the DAC value for which the
discriminator triggers on 50% of the flasher signals. We subtracted the
camera median DAC value from the 50% trigger-rate threshold setting
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(a) Uncalibrated trigger rate scan curves for 32 camera pixels.
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(b) Calibrated trigger rate scan curve for the same 32 camera pixels.

Fig. 22. Example trigger rate scans of 32 camera pixels before and after discriminator
threshold calibration. The trigger flat-fielding procedure is described in Section 3.3.

and added the difference to the DAC setting of the corresponding pixel.
Fig. 22(b) shows the thus calibrated trigger rate scans for 32 pixels. The
trigger flatfielding reduces the dispersion in the trigger response from
31.0DAC to 4.0 DAC.

In the final step, we calibrated the trigger threshold in photoelec-
trons using (a) the known intensity of the flasher of 48 PE per flash, (b)
the camera averaged threshold values where the efficiency triggering
on flasher signals reaches 50% (22DAC), and (c) the threshold value
where the trigger rates diverge due to noise, i.e. 242 DAC = O PE.

For observing, we found that a trigger threshold of 150 DAC corre-
sponding to 20 PE provides stable operations during dark and moonless
nights with a trigger rate of less than 0.5 Hz.

4. Performance measurements
4.1. Direct muon hits in the camera SiPMs

One source of background events for the Demonstrator is direct
muon hits in the camera’s SiPMs. When a muon traverses a SiPM, its
ionization trail fires one or more SiPM cells due to a combination of
the diffusing charge cloud from the ionization and optical crosstalk. In
normal data taking, these events are recorded if the number of fired
SiPM cells is above the trigger threshold of 20 PE.

We identified muon signals in the camera by installing two plastic
scintillator detectors (muon paddles) above and below the camera
(vertical configuration) and in a second measurement at the front
and back of the camera (horizontal configuration), see Fig. 23. In the
measurement, a coincidence logic built from NIM modules triggers the



M. Bagheri et al.

(b) Vertical muon paddle configuration.

Fig. 23. The two muon paddle configurations used to characterize muon signals in the
camera SiPMs.

Demonstrator readout when a muon traverses both paddles. In the ver-
tical configuration, the coincidence selects muons originating from air
showers above the Demonstrator, and in the horizontal configuration,
it selects muons originating from air showers developing at the horizon.

We recorded coincidence events for 120 min in the vertical and
420 min in the horizontal. Fig. 24 shows the overlaid traces of all
SiPMs for all coincidence events in the vertical configuration. Clearly
identifiable are the muon signals between ADC samples 230 and 250.
We processed the events by extracting the maximal signal amplitude
for each SiPM in a window centered on the average muon signal
arrival time. The distributions of the extracted signals are shown in
Fig. 25 labeled Muons + Pedestal. To remove the noise-only events, we
extracted a pedestal distribution from an earlier time window in the
traces, normalized it to the first five bins in the Muon + Pedestal distri-
bution, and then subtracted it from the Muon + Pedestal distribution.
The corresponding pedestal subtracted distributions, labeled Muons are
shown in the same figure.

The signal distributions are characterized by a power law that
falls less steeply in the vertical configuration than in the horizontal
configuration. This can be explained by the longer average trajectory a
muon leaves in a SiPM in the vertical configuration, whereas in the
horizontal configuration, the selected muons hit the SiPMs head-on,
and the trajectory is considerably shorter, resulting in less ionization
and, on average, smaller signals than in the vertical configuration.
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Fig. 25. Muon signal distribution after pedestal subtraction for both muon-paddle
configurations.

It is evident from the distributions that muons can produce signals
that are above the trigger threshold of 20PE and are thus recorded
during normal data taking and need to be discarded in the data analysis.
Fortunately, the vast majority of muon signals are confined to indi-
vidual SiPMs, which results in just one camera pixel light up in the
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Fig. 26. One recorded muon event. The color scale gives the number of recorded
photoelectrons.

Fig. 27. The Demonstrator pointing at a ~ 30° zenith angle to record air shower images
from cosmic rays.

recorded event (see Fig. 26), whereas the expected air-shower images
spread over several camera pixels. Most muon events are thus discarded
at the image-cleaning stage of the analysis, which requires several
adjacent camera pixels with a signal to be considered a reconstructable
event.

4.2. Cosmic ray air-showers

To show that the Demonstrator can record air-shower images, we
removed the center sheathings of the roof and rotated the telescope
up, pointing it at a zenith angle of about 30° (see Fig. 27).
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Table 1
Contributions to the fluctuations of the camera signals.
Source Noise, PE
Electronic noise 0.32
SiPM dark counts 0.47
Ground Sky
NSB (no moon) 1.11 1.80
Total 1.25 1.89

In that configuration, we recorded one hour of cosmic-ray data.
One of the recorded images is shown in Fig. 28. The split image
of the air shower is because the mirrors tilt in different directions
when the telescope is rotated up due to sagging in the OSS and slack
in the mirror mounts, causing a “cross-eyed” optics that projects an
image at two positions in the camera. Due to the “cross-eyed” feature,
we refrained from further analyzing the recorded air-shower images.
However, the test shows that the Demonstrator triggers on air showers,
and the readout properly records the Cherenkov signals. After rotating
the telescope back down we realigned all mirrors.

4.3. Noise performance

The camera signals are contaminated with electronic noise, SiPM
dark counts, and photons from the night-sky background. The root-
mean-square of the signal fluctuations is 1.9PE for pixels that view
above the horizon, and 1.3PE for pixels below the horizon. Table
1 details how the individual noise sources contribute to the signal
fluctuations. For measuring the electronic noise, we biased the SiPMs
below the breakdown voltage. The contribution from SiPM dark counts
was measured at the nominal SiPM bias at night, with the building
door closed, and the electronic noise was subtracted in quadrature. The
NSB contribution was measured with an open door during a moonless
night, and the measurement with the closed door was subtracted in
quadrature. It is evident that the contribution from the NSB dominates.

5. Observing with the demonstrator

Observations with the Demonstrator are performed remotely. The
observer initiates the observations by powering up the system, config-
uring the camera, and initiating the readout. Once the operator has
verified that all systems operate within nominal parameters, they log
out of the system, and the Demonstrator autonomously records data
and shuts itself down at the end of the night. The safe operation limits
are listed in Table 2 and monitored by the on-site software. The code
calculates the sun and moon positions in real time and monitors the
weather station. The onsite software also monitors the connectivity to
the Georgia Tech network, data storage, and data-taking parameters
like the SiPM current, temperatures, and trigger rates. If the software
detects that a limit is reached, it closes the door and commands the
camera and readout to shut down. Realtime monitoring of data-taking
is also possible through a public-facing webpage https://trinity.physics.
gatech.edu/performance/. At night’s end, the operator connects to the
Demonstrator system to check that the telescope has properly shut
down. Parallel to data taking, the data is automatically processed at
Georgia Tech to generate nightly data summaries to assess the quality
of the data and swiftly identify technical issues.

5.1. Safety procedures

We defined and implemented operating procedures that allow for
reliable operations while safeguarding the instrument. We implemented
three safety layers to protect the telescope:
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Fig. 28. Example of a recorded raw air-shower image. The colors indicate the recorded
Cherenkov signal in each camera pixel in units of digital counts.

Table 2
Ambient conditions for observations with the Demon-
strator.

Condition Requirement

Sun Elevation <-15°

Moon Elevation <90° when rising
Moon Phase <90%

Clouds Base >11,000 above msl
Humidity <90%

Wind Speed <8m/s

» The script responsible for data taking stops telescope operations
if the sun and moon elevation are outside safe limits, in the
presence of adverse weather, or other adverse conditions such as
problems storing the data, loss of network connection, or out-of-
limits camera parameters. In each instance the observer receives
an automated e-mail notification.

A script running independently on the camera computer (CT-PC)
calculates the time of sunrise and commands a shutdown if the
sun is about to rise independent of the camera’s state. Similarly,
a script running in the background on the Control-PC initiates
closing the roll-up door at the end of the night.

« As a final safeguard, the power supplies for the SiPMs are current

limited to protect the front-end electronics.

To protect against user errors, we developed standard operation
procedures codified in checklists and enforced in standardized train-
ing sessions for observers. All observers receive training in telescope
operation and are supervised by on-call experts during observations.
The high degree of standardization allowed us to integrate a team of
undergraduate students into the Trinity Demonstrator program to carry
out the majority of observations.

5.2. Summary of observations

The telescope saw first light on October 3, 2023 and commissioning
was completed in June 2024. Between June 1, 2024 and February 28,
2025, the Trinity Demonstrator has observed 515.3 h (see Table 3).
Observations are currently limited to mostly moonless nights, as we
are developing procedures for operations under bright moonlight.

6. Summary and outlook

The Trinity Demonstrator is the first phase towards the Trinity PeV
Neutrino Observatory. Its main goals are proof of the Trinity concept
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Table 3

Summary of total observing time from June 1, 2024,
to February 28, 2025, and the fraction of that time
when the two sources were within the Trinity Demon-
strator’s field of view.

Observation Time, hours
Total 515.3

TXS 0506+056 18.7

NGC 1068 7.9

and to serve as a platform to develop the analysis and technologies for
the Trinity Observatory. The Demonstrator is permanently pointing at
280° azimuth in the direction where NGC 1068 and TXS 0506+056
cross the horizon.

In this paper, we have provided details about the design and oper-
ation of the Demonstrator telescope and low-level performance param-
eters obtained during its commissioning. After one year of operation,
we conclude that the Demonstrator meets its design specifications.

The point spread function of the optics has a 2.1 mm containment
radius. The signal chain has been calibrated and has a dynamic range
of 100 PE, and an intrinsic noise floor, including SiPM dark counts of
0.57 PE. The camera and trigger response is flat fielded within 10% and
5%, respectively.

Fully calibrated and commissioned, the Demonstrator has transi-
tioned into science observations. In parallel to regularly taking data,
we are developing the simulation and analysis chain. Once the analysis
and simulation chain is complete, we will verify the Demonstrator’s
sensitivities for diffuse and point neutrino sources and optimize the
design of the Trinity telescopes and the data analysis.

Furthermore, we will use the Demonstrator to devise and implement
strategies that will push observations well into bright moonlight periods
to maximize the duty cycle of observations. Studies will include, but
not be limited to, determining SiPM bias and trigger threshold settings
that do not overwhelm the data acquisition rate while maintaining good
sensitivity as a function of moon brightness, elevation, and azimuth
angle.

With the experience gained by operating the Demonstrator, we are
already moving towards the next phase of the Trinity Observatory,
the development of its first telescope, Trinity One. As we transition
from the Demonstrator to Trinity One, the Demonstrator will become a
platform to field-test camera, readout, and calibration hardware under
development for Trinity One.

Planned to be deployed on Frisco Peak, Trinity One will be uniquely
positioned to observe neutrinos above 1PeV from point sources with
declinations between —70° and +30° and thus provide critical contri-
butions to advance multi-messenger astronomy.
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