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Ultra-High-Energy (UHE, E > 100 TeV) gamma rays are one of the few channels to search for
and study Galactic PeVatrons. Among the most promising PeVatron candidates are the many
UHE gamma-ray sources that have recently been identified on the Galactic Plane. Ground-based
particle detectors see these sources as extended rather than point-like, and current generation
Imaging Atmospheric Cherenkov Telescopes (IACTs) struggle to study them with effective areas
and background rejection that are suboptimal at UHE. A cost-efficient way of constructing an
array of IACTs explicitly designed for UHE sensitivity is to sparsely separate many small tele-
scopes. We have simulated, prototyped, and twice deployed a pathfinder array that is instrumented
with telescopes designed by the Panoramic Search for Extraterrestrial Intelligence (PANOSETI)
team. These 0.5-meter Fresnel lens telescopes are purpose-built for imaging optical transients
on nanosecond timescales and are equipped with a 10◦ × 10◦ silicon photomultiplier camera.
Three PANOSETI telescopes were deployed twice in the same temporary configuration at Lick
Observatory in March and October 2024. Here we give a brief description of the instrument and
present a comparison of simulations with the data collected, including an analysis of the Crab
Nebula. We also report on the ongoing deployment of PANOSETI telescopes for the Dark100
array that is planned to operate for five years at Palomar Observatory.
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1. Introduction

The 1LHAASO catalog of gamma-ray sources revitalized UHE gamma-ray astronomy with its
announcement that 43 sources on the Galactic Plane emit gamma rays with energies in excess of
100 TeV [1]. 32 of these object have no known TeV counterpart, so the current generation of IACTs
are not optimized at the required energies for followup studies of these mysterious objects. One
way of building a new gamma-ray observatory with an angular resolution comparable to traditional
IACTs, and an effective area on the same order of magnitude as extensive air shower arrays, is to
widely disperse PANOSETI telescopes. Such an array would also be ideal for detailed study of
gamma-ray emission near the Galactic Center [2, 3], and for searching for signatures of ultra-heavy
dark matter.

PANOSETI telescopes were originally designed for the purpose of searching for optical tran-
sients on nanosecond timescales [4]. Their large 10◦ × 10◦ field of view, 1024 pixel silicon
photomultiplier camera, and small 0.5-meter Fresnel lens aperture are all design elements that
incidentally make PANOSETI telescopes excellent devices for imaging the air showers created by
UHE gamma rays. In 2021, two PANOSETI telescopes were used to conduct simultaneous obser-
vations of the Crab Nebula with VERITAS [5]. The results showed PANOSETI telescopes have the
potential to be operated as an IACT that is capable of imaging air showers produced by UHE gamma
rays. This motivated preliminary simulations which determined the PANOSETI energy threshold
to be tens of TeV [6]. Subsequently, a pathfinder array was twice deployed at Lick Observatory
in the same configuration – a triangle with average telescope spacing of 169 m (Figure 1). The
dataset from the first deployment was primarily used to compare simulations with real data so that
a rudimentary set of analysis tools could be developed for analyses of future datasets. The second
deployment described here primarily concerns first observations of the Crab Nebula.

2. Data and Results

Observations of the Crab Nebula were conducted on the evenings of 30 October–1 November
2024 (UTC) at Lick Observatory, Mt Hamilton, California. Each telescope was installed, powered,
and configured to the network in only a few days, which was made possible by taking advantage of
existing infrastructure at the observatory. Weather conditions were not ideal. In some instances,
high humidity caused water to condense on the Fresnel lenses. In the case of rain, telescopes and
electronics were brought inside until observing conditions were more favorable. Telescopes were
realigned and re-calibrated as needed.

Each telescope triggers when the intensity of light reaches a configurable threshold in a
programmable number of pixels. By requiring that two pixels located on the same quarter of the
camera (containing 256 pixels) be above threshold, we are able to reduce the frequency of false
triggers due to night sky background. We typically operated with this two pixel-requirement at
a threshold of 6.5 photoelectrons. During these nights, Jupiter was within a few degrees of the
Crab Nebula, so we fixed the telescope pointings to RA 05h 44m 32s, Dec +22◦ 01′ 03′′, to
reduce Jupiter’s influence on the observations. Telescope trigger thresholds were also raised to 7.5
photoelectrons to maintain a stable data rate at roughly 1 Hz per telescope.
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Figure 1: Layout of the 2024 PANOSETI deployments at Lick Observatory. Crocker, Kron, and Dorm are
the names of the sites the telescopes were deployed at. All telescopes were operated with a single computer
in the control room, and the data streams were collected by the same data acquisition unit (DACQ). Maps
Data: Google, ©2025 Airbus.

We calculate Hillas parameters from cleaned images in order to distinguish gamma-ray showers
from hadronic showers [7]. Simulations of the array indicates strong separation between gammas
and protons when using the distance parameter, which measures the angular separation between
the image centroid and some other test position in the camera plane (Figure 2). To combine the
information of the shower from all telescopes, we define a "max distance" parameter. This metric
corresponds to the maximum value among distance parameters measured by all telescopes in a given
event. The power of this cut is related to the geometry of the IACT technique, but is also largely a
result of the PANOSETI telescope’s wide field of view. The distance parameter is tightly correlated
to the impact parameter of a gamma-ray initiated shower, and two competing effects shape its
distribution. A shower that triggers a telescope is geometrically more likely to have impacted the
ground at a large radial distance, but the visibility at this radial distance is limited by the intensity
of the shower. These two effects produce a peak distance parameter between 1 and 2 degrees for
gamma rays. Cosmic rays arrive isotropically, so there is no correlation with impact distance and
position in the camera. They are simply more likely to appear on the edge of the camera where
there is more area to view them. The tail in the proton distribution is due to the square nature of the
camera, which constrains the field of view at the edges.

We also reject events whose reconstructed arrival directions fall more than 0.32◦ outside the
test position. This corresponds to the 68% containment radius for reconstructed simulations that
triggered at least 2 telescopes. The histograms of squared angular error, 𝜃2, for strictly 2, and
strictly 3 telescopes are plotted for comparison in Figure 2. Both the max distance and 𝜃2 cuts rely
on a source position known a priori, which we deem sufficient for a point-like analysis of the Crab
Nebula.

3



Development of PANOSETI Telescopes for Ultra-High-Energy Gamma-Ray Astronomy N. Korzoun

Figure 2: Histograms of the max distance parameter (left) and squared angular error of reconstructed
arrival directions (right) for simulated data of the Lick Observatory array (see Figure 1). The max distance
distributions are normalized to have integrated area equal to unity. The squared angular error, 𝜃2, for
reconstructed showers improves when more telescopes image the event in coincidence. When strictly two
telescopes image the event, 68% of reconstructed arrival directions fall within 0.4◦ of the true simulated
direction. When requiring 3 telescopes, the resolution improves to 0.19◦. For the analysis of the Crab Nebula
dataset presented here, we define simple cuts at max distance < 2◦ and 𝜃2 < 0.32◦.

Significances are calculated according to Equation 17 of Li & Ma [8]. A map of significances
across the full field of view is plotted in Figure 3. At the position of the Crab Nebula, we report a
nondetection with a significance of 1.55𝜎. We measured 5 on-source counts, and 248 off-source
counts taken from most of the remaining field of view. The scaling factor is 𝛼 = 1/109, yielding
an excess of 𝑁ON − 𝛼𝑁OFF = 2.7 events. This result is not a surprise when factoring in the poor
quality of data, and only a 5 hour exposure with a ∼ 10 TeV energy threshold. However, if we
assume an optimistic effective area between 104–105 m2 at the energy threshold, we only expect to
measure a handful of excess counts in 5 hours, which is consistent with the Crab spectrum measured
by LHAASO [9]. It is also consistent with the PANOSETI observations conducted jointly with
VERITAS [5].

3. Status of Deployment at Palomar Observatory

Dark100 is a new gamma-ray observatory currently under construction at Palomar Observatory
(Figure 4). Dark100 will search for ultra heavy dark matter particles (𝑚𝜒 > 100 TeV) by observing
UHE gamma-rays as a potential indirect signature. Dark100 will also study the UHE gamma-ray
objects that have been detected on the Galactic Plane. The wide field of view of PANOSETI
telescopes is particularly advantageous in this regard, and also facilitates monitoring of the Galactic
Center. In the event that dark matter is not detected, Dark100 will still provide a new perspective in
the search for Galactic PeVatrons.

The array is already funded to build up to 6 PANOSETI telescopes, with plans to build more in
the future. Cable trenching has already begun at the Ferns-North, PTI-Heli, and Winter sites. These
telescope will be deployed outdoors on metal piers cemented to the ground, within custom-designed
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Figure 3: Significance map for the 5 hour Crab Nebula dataset. The location of the Crab nebula is marked
by a white "+". The Crab was positioned outside the center of the field of view due to the close proximity
of Jupiter on the nights these data were taken. The Li & Ma significance at the position of the Crab Nebula
corresponds to 1.55𝜎.

Fornax1 enclosures. A PANOSETI telescope will also be installed inside a building that already
exists at the Dog Seismo site. The first three telescopes at Ferns-North, PTI-Heli, and Winter form
a triangular footprint similar to the previous Lick Observatory array. These three telescopes will
begin collecting data before the end of this year, and all the installed telescopes will remain at
Palomar observatory to operate for at least 5 years.

4. Summary

With 5 hours of data on the Crab Nebula, we calculate a significance of 1.55𝜎 consistent
with background fluctuation. However, this result was obtained with three 0.5-m telescopes, each
roughly 5% the cost of a traditional IACT. Perhaps more remarkably, the whole array was deployed,
operated and decommissioned in only one week. A more detailed model of the telescopes is being
developed to more accurately measure instrument response, and to refine the cut selection to be
robust for future observations. The analysis of the Crab Nebula presented here is a proof of concept

1Fornax: https://fornaxmounts.com/
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Figure 4: Layout of the 2024 Dark100 installation at Palomar Observatory. Cable trenching has already
begun at the Ferns-North, PTI-Heli and Winter sites. A PANOSETI telescope is being deployed inside an
enclosure already constructed at the Dog Seismo site. All other locations will be deployed on a metal pier
cemented to the ground, and contained within a Fornax enclosure. A computing rack for Dark100 data
acquisition is available in the basement of the Hale Telescope dome Maps Data: Google, ©2025 Airbus.

that shows an array of sparsely separated Fresnel lens IACTs is a viable path toward a gamma-ray
observatory optimized at UHE. This principle led to the conception of the successfully funded
Dark100 project. Up to six telescopes are going to be deployed at Palomar observatory very soon,
and the first three will begin observations before the end of this year. Dark100 is planned to operate
for at least five years, and will provide insights on an underexplored region of dark matter parameter
space in addition to providing a high resolution glimpse at Galactic PeVatrons.
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