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The Panoramic Search for Extraterrestrial Intelligence (PANOSETI) experiment is designed to
detect pulsed optical signals on nanosecond timescales. PANOSETI is therefore sensitive to
Cherenkov radiation generated by extensive air showers, and can be used for gamma-ray astron-
omy. Each PANOSETI telescope uses a 0.5 m Fresnel lens to focus light onto a 1024 pixel
silicon photomultiplier camera that images a 9.9°x9.9° square field of view. Recent detections of
PeV gamma-rays from extended sources in the Galactic Plane motivate constructing an array with
effective area and angular resolution surpassing current observatories. The PANOSETI telescopes
are much smaller and far more affordable than traditional imaging atmospheric Cherenkov tele-
scopes (IACT), making them ideal instruments to construct such an array. We present the results
of coincident observations between two PANOSETI telescopes and the gamma-ray observatory

VERITAS, along with simulations characterizing the performance of a PANOSETI IACT array.
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1. Introduction

In 2021, LHAASO announced the detection of ultrahigh-energy (UHE) photons (> 0.1 PeV)
from 12 sources along the Galactic Plane [1]. Of these UHE sources, only the Crab Nebula was
firmly established as a counterpart to one of the emitters. With the release of their first gamma-ray
catalog, LHAASO now report UHE emission from 43 sources [2]. Observatories like LHAASO
and HAWC are uniquely suited to survey a majority of the sky for UHE emission due to their wide
fields of view, comprehensive duty cycles, and large effective areas [2, 3]. These properties together
provide sensitivity to the low flux of UHE photons (5 photons km~2 day~! at 0.1 PeV) [1]. Many
of the new LHAASO sources are spatially extended, and 32 are unassociated with other objects (5
of which are UHE) [2]. Resolving these sources will require targeted studies with instruments that
can provide superior angular resolution to LHAASO and HAWC. Arrays of IACTs benefit from
increased angular resolution at high energies as a result of stereoscopic reconstruction of the imaged
air showers, making them a suitable alternative to particle detectors. The challenge is to design an
experiment that makes use of the IACT technique and also meets the effective area requirements in
a way that is cost effective and easy to deploy.

We propose an excellent way to achieve this goal is to use the technology developed by
PANOSETI, an experiment designed to search for both optical SETI targets and optical astrophysical
transients in underexplored, short time-domains. The plan is to simultaneously observe the whole
sky on nanosecond timescales, using many small and easily affordable telescopes [4]. This makes
PANOSETI sensitive to Cherenkov photons produced by atmospheric air showers. The telescopes
house four quadrant boards, each with an array of four 8x8 silicon photomultiplier (SiPM) square
pixels for a total camera size of 32x32 pixels. Each SiPM array (Hamamatsu S13361-3050AE-08)
can resolve single photons on the order of a nanosecond. Custom readout boards shape the signal
for triggering an image with precise timing. Light is focused on the camera through a 0.5 meter,
acrylic Fresnel lens (Orafol SC214) [5]. The total field of view is 9.9° on a side, giving a pixel width
of roughly 0.31° [6]. By positioning a cluster of telescopes together and pointing them in different
directions, a "fly’s eye" dome can view the whole sky at once [5]. Two such domes separated
by about a kilometer would be ideal for observing pulsed, point-like signals. The same telescope
components can instead be used on steerable mounts separated by a few hundred meters to observe
Chernekov showers. Telescopes are currently installed at two locations at Lick Observatory in
California [6], with two more sites being considered for a pathfinder array that would study other
astrophysical phenomena. Here we consider UHE gamma-ray astronomy as one such application.

To emphasize how PANOSETTI’s design contrasts with contemporary IACTs, consider the spec-
ifications of VERITAS, an array of four IACTs located at the Fred Lawrence Whipple Observatory
(FLWO) in southern Arizona. Each telescope is 12 m in diameter, with a camera composed of
499 photomultiplier tubes that together image a total field of view of 3.5°. The VERITAS energy
sensitivity ranges from 100 GeV to >30 TeV [7]. To further appreciate how two disparate telescopes
can facilitate the same science, we test the performance of PANOSETI telescopes in conjunction
with VERITAS.
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Figure 1: Two PANOSETI telescopes positioned in front of the T4 VERITAS telescope.

2. Coincident Observing

In November 2021, two PANOSETI telescopes were brought to FLWO to observe the Crab
Nebula simultaneously with VERITAS, shown in Figure 1 [8]. VERITAS triggers at a rate of 400
Hz, and in 6 hours PANOSETI detected over 10,000 of the showers seen by VERITAS. More than
3,000 of these were seen by both PANOSETI telescopes. At the time of observations, a readout of
the PANOSETI camera was triggered only in the quadrant of the camera where any pixel passed
the 11.5 photo-electron trigger threshold (updated firmware triggers all four quadrants). Coincident
events were identified from the timing information between all telescopes, and a moment analysis
was performed on the PANOSETI images to calculate the Hillas parameters for direct comparison
of shower geometry with VERITAS [9, 10]. Measurements of these parameters in the PANOSETI
image give a width of 0.13°, while VERITAS measures the width to be 0.138°. VERITAS could
determine that three of the showers seen by both PANOSETI telescopes were very likely from
gamma-rays that originated from the Crab Nebula, all with energies above 10 TeV [8]. See Figure
2 for a comparison of a 14.8 TeV gamma-ray initiated shower between PANOSETI and VERITAS.

3. Simulation

To design an array of PANOSETI telescopes that is optimized for observing gamma-ray show-
ers, we have started developing simulation tools. Air showers are simulated using CORSIKA [11]
version 7.7410, compiled with options typically used for Cherenkov telescopes! and a combination
of hadronic interaction models?. One telescope is simulated at each of the four locations at Lick
Observatory mentioned earlier (Figure 3, right), with each telescope placed at the same altitude
(1239 m above sea level) for simplicity. The atmospheric profile is approximated by measurements

IATMEXT, CERENKOV, IACT, SLANT, and VOLUMEDET
2QGSJET-11-04 [12] and UrQMD 1.3.1 [13, 14]
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Figure 2: PANOSETI (left) and VERITAS (right) images of a 14.8 TeV shower originating from the Crab
Nebula. The Crab Nebula is positioned in the center of the PANOSETI camera, but offset from the center of
VERITAS camera at the location of the red star symbol. (A firmware upgrade now triggers all four quadrants
when an event is detected.)
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Figure 3: Simulated images of a 100 TeV gamma-ray shower as seen by four PANOSETI telescopes at Lick
Observatory (left). The telescopes face North and point to zenith, at the simulated direction of the incident
gamma-ray. The approximate locations of the telescopes, with an arbitrary choice of origin, are also plotted
(right). The location of the core was reconstructed (blue +) to within 5 meters of the true core position (red
X), and the direction was reconstructed to 0.03 degrees away from zenith.
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taken at VERITAS during winter. The Cherenkov photons are simulated in bunch sizes of 5 to
reduce simulation time without compromising image quality [15].

The Cherenkov photon output is then read by a modified version of corsikalOreader [16], which
is software used to prepare the CORSIKA output for optics simulation and for filling histograms
using ROOT [17]3. Atmospheric extinction of Cherenkov photons is calculated at this stage
rather than in the CORSIKA simulation. The modifications to corsikalOreader then stochastically

3See also "ROOT" [software], Release v6.28/04, 30/05/2023, https://root.cern/releases/release-62804/
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Figure 4: Lateral distribution of Cherenkov light captured by simulated PANOSETI telescopes. Atmospheric
extinction and photon detection efficiency is accounted for. Each point is the average of 100 simulated showers.
As configured while observing at VERITAS, the PANOSETT telescopes create useful images when more
than 60 photo-electrons are detected. Showers with energies below 10 TeV are not bright enough to discern
above NSB and cannot be reliably reconstructed. Higher energy showers will appear brighter at the same
distance, or can be seen from farther away.
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Figure 5: Cherenkov photons from a simulation of a 100 TeV gamma-ray shower in the field of view of a
PANOSETI telescope. Each plot shows sequentially (from left to right) the process of adding NSB, applying
the aperture cleaning, and parameterizing the cleaned image.
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attenuate photons to simulate the transmission efficiency of the Fresnel lens and photon detection
efficiency (PDE) of the SiPM. The probability of attenuation is calculated using the wavelength
dependence of both transmission through PMMA (acrylic) and the SiPM’s specified PDE. Figure 4
plots the expected number of photo-electrons detected by a PANOSETT telescope as a function of
distance to the shower core.

The photon arrival directions are scattered according to the measured optical point spread of the
lens [5]. The arrival directions are then used to create images of the shower rather than computing
a full ray-trace through a model of the telescope. Night sky background (NSB) is simulated by
scaling down the NSB rate measured by VERITAS. Finally, images are cleaned using an aperture
cleaning method [18]. See Figure 5 for an example of this process.

To reconstruct the shower direction and core location, Hillas parameters are derived from
the cleaned images and used to identify the shower axes. The intersection of shower axes from
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each unique image pair are averaged together and weighted by the angle between them, based on
the method used by HEGRA [19]. The Hillas parameterization and shower reconstruction are
implemented with routines developed for the VERITAS custom analysis package, Eventdisplay
[20]. Figure 3 shows an example of reconstruction.

4. Discussion

The observations with VERITAS demonstrate that PANOSETI can image Cherenkov showers
above 10 TeV. The real image shown in Figure 2 was reconstructed by VERITAS to land 125 meters
away from the telescope, and has a total integrated intensity of 83 photo-electrons in the PANOSETI
camera. The intensity predicted by Figure 4 of a shower with the same energy and impact parameter
isroughly in agreement with what was measured. Observations have also highlighted useful features
which are currently under development, such as full camera readout and different triggering modes.
Requiring two pixels to pass the trigger threshold instead of one will dramatically reduce the chance
of triggering on a fluctuation due to NSB or instrumental artifact, allowing us to lower the required
pixel intensity and therefore decrease the energy threshold. Simulations also show that UHE
Cherenkov showers can be imaged by PANOSETTI without truncation or camera saturation (Figure
3), which allows for accurate reconstruction of the arrival direction and energy of the primary
photon.

The primary challenge with studying UHE sources is achieving a sufficient effective area. For an
IACT, this is determined by the size of the Cherenkov light pool. A single PANOSETI telescope can
already detect UHE showers from hundreds of meters away. The four locations at Lick Observatory
(Figure 3, right) were chosen from sites that have preexisting infrastructure to support deployment.
The spacing between the telescopes was chosen to optimize optical observations of SETTI targets,
and to maximize the amount of light Figure 4 predicts would be collected from Cherenkov showers.
This pathfinder array is only the first test, and a small array of 24 telescopes spaced a few hundred
meters apart can easily fill a footprint that covers a square kilometer. Such an array would provide
greater effective area and angular resolution than current experiments for a fraction of the cost.
PANOSETI telescopes are much smaller and far more affordable than traditional IACTs. Two were
successfully deployed at VERITAS with minimal effort in under a day. An array of PANOSETI
telescopes would provide a unique opportunity to resolve the UHE sources, and especially those
that cannot be seen at lower energies.
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