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ABSTRACT

The Schwarzschild-Couder Telescope (SCT) is a telescope concept proposed for the Cherenkov Telescope
Array. It employs a dual-mirror optical design to remove comatic aberrations over an 8° field of view, and
a high-density silicon photomultiplier camera (with a pixel resolution of 4 arcmin) to record Cherenkov
emission from cosmic ray and gamma-ray initiated particle cascades in the atmosphere. The prototype
SCT (pSCT), comprising a 9.7 m diameter primary mirror and a partially instrumented camera with
1536 pixels, has been constructed at the Fred Lawrence Whipple Observatory. The telescope was inaugu-
rated in January 2019, with commissioning continuing throughout 2019. We describe the first campaign
of observations with the pSCT, conducted in January and February of 2020, and demonstrate the detection

of gamma-ray emission from the Crab Nebula with a statistical significance of 8.6c.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

The imaging atmospheric Cherenkov technique was pioneered
at the Whipple Observatory [1] and has been employed over the
past two decades by VERITAS [2], MAGIC [3] and H.E.S.S.[4] with
remarkable success. Over two hundred astrophysical sources of
> 30GeV gamma-ray emission have been measured’, revealing rel-
ativistic particle acceleration processes in a variety of Galactic and
extragalactic environments. The Cherenkov Telescope Array (CTA)
[5] is an observatory currently under development and construc-
tion which will explore this gamma-ray sky with greatly improved
sensitivity, energy and angular resolution. It will consist of two
large telescope arrays: one in the northern hemisphere, on the Ca-
nary Island of La Palma in Spain, and the other in the south, at
Paranal in Chile. Multiple telescope designs are being implemented
in order to provide sensitive coverage over at least four orders of
magnitude in energy, from 30GeV to 300TeV.

Atmospheric Cherenkov telescopes are designed to image and
record the few nanosecond-duration Cherenkov emission from cos-

1 http://tevcat.uchicago.edu/

mic ray and gamma-ray initiated atmospheric particle cascades
(e.g. [6]), leading to some unique design constraints. In particular,
they require a field of view wider than a few degrees to capture
all of the Cherenkov emission from air showers, which are offset
from the optical axis of the telescope and can extend over a few
degrees at the highest energies. A wide field of view also allows
the study of astrophysical sources with large angular extent, which
are relatively common in the gamma-ray regime, and improves the
prospects for detecting serendipitous, or poorly located, astrophys-
ical transient events such as gamma-ray bursts, and astrophysical
neutrino and gravitational wave counterparts. This wide field of
view must be coupled to a large aperture mirror in order to collect
a sufficient number of Cherenkov photons to form a shower image.
Both requirements (wide field of view and large aperture) push
towards a small focal ratio, ideally less than f/1.0. This presents
its own problems, however, since off-axis optical aberrations, par-
ticularly coma, become severe. Existing wide-field designs miti-
gate this to some extent by using a prime-focus Davies-Cotton ap-
proach [7], in which a single tessellated reflector is constructed us-
ing identical mirror facets placed on a spherical surface with a ra-
dius equal to the focal length of the facets.
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Fig. 1. The 9.7m prototype Schwarzschild-Couder telescope installed at the Fred
Lawrence Whipple Observatory in Amado, Arizona USA.

The dual-mirror Schwarzschild-Couder optical design [8,9], de-
rived from the exact Schwarzschild aplanatic solution described
in detail in [10], resolves the problem of off-axis optical aberra-
tions more effectively by correcting comatic aberrations over a
wide field. In addition, it provides a greatly reduced focal plate-
scale which allows to take advantage of high density, high photon
detection efficiency, silicon photosensor arrays at the focal plane,
which is curved in order to reduce astigmatism. A Schwarzschild-
Couder optical system has been selected for the small-sized tele-
scopes (SSTs) of CTA, which will be the most numerous CTA tele-
scopes, providing sensitive coverage of the highest energy gamma-
ray band up to 300TeV. The ASTRI Project has successfully demon-
strated the practicality of this design with the ASTRI-Horn SST pro-
totype instrument [11], which has been used to detect gamma-ray
emission from the Crab Nebula with a camera based on silicon-
photomultiplier (SiPM) sensors [12]. The ASTRI design has a 4.3m
diameter primary mirror and a 1.8m secondary, giving an effective
photon collection area (after accounting for shadowing) of approx-
imately 5mZ.

Astroparticle Physics 128 (2021) 102562

A dual-mirror Schwarzschild-Couder design, with f/0.58, is also
being investigated as a solution for the medium-sized telescopes
(MSTs) of CTA, in addition to a more conventional Davies-Cotton
design [13]. The MSTs will provide greatest sensitivity in the core
energy range of the observatory, centered around 1TeV. The pro-
totype of this Schwarzschild-Couder telescope design (hereafter
pSCT) is illustrated in Fig. 1, and fully described in the following
section. The telescope was inaugurated, and recorded first light, in
January 2019. Commissioning and first observations continued un-
til February 2020, shortly before the observatory was temporarily
closed due to the COVID-19 pandemic. A reasonable exposure was
collected on the Crab Nebula, a bright, stable, standard gamma-
ray source in the TeV regime [14]. We discuss here some details
of the commissioning and observations, and present a detection of
gamma-ray emission from the Crab Nebula with the pSCT.

2. The prototype Schwarzschild-Couder telescope

The pSCT is located at the Fred Lawrence Whipple Observatory
basecamp in southern Arizona, at latitude 31° 40’ 29” N, longitude
110°57” 10” W and at an elevation of 1270 m above sea level. It
shares this site with the 4-telescope VERITAS array, and occupies
the position of the first VERITAS telescope, prior to its relocation
in 2009. The pSCT position with respect to the basecamp buildings
and the VERITAS array is shown in Fig. 2.

The pSCT central support tower and telescope positioning sys-
tem are adapted, with minimal changes, from the Davies-Cotton
MST design [13]. The mechanical design of the telescope is de-
scribed in [15]. The telescope optical system [16] consists of a 9.7m
diameter primary reflector and a 5.4m secondary. The primary is
constructed of 48 individual mirror panels: an inner ring of 16
panels and an outer ring of 32 panels. The secondary reflector is
also segmented, with 8 panels forming an inner ring and 16 form-
ing the outer ring. The reflecting panels are based on a low-weight
(approximately 10kgm~2) sandwiched substrate produced by the
Italian Media Lario company via replication technology using thin
(thermally pre-shaped) glass foils separated by an Al honeycomb
buffer layer [17]. The total photon collection area on-axis, after
accounting for shadowing and other optical losses, is 50m2. The
distance between the primary and the de-magnifying secondary is
8.4m, and the effective focal length is 5.6m.

Alignment of such a complex segmented optical system is a sig-
nificant challenge, and the alignment tolerances are much stricter

Fig. 2. A plan view of the Fred Lawrence Whipple Observatory, illustrating the locations of the four VERITAS telescopes and the pSCT.
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Fig. 3. An optical image of the star Capella in the focal plane of the pSCT camera
recorded using a CCD camera. The ellipse shows the 1.8-0 (~80% containment) con-
tour from the best 2D Gaussian fit. The square illustrates the size of a pSCT image
pixel (an angular scale of 4 arcmin). The gray-scale indicates the light intensity, in
arbitrary units.

than for simpler, single-reflector designs. Indeed, one of the main
goals of the pSCT project is to test whether the optical system
can meet the technical specifications. In order to achieve this,
each mirror panel is mounted on an electronically controlled Stew-
art platform which can position the mirror with a stepper motor
precision of 3um over six degrees of freedom. The mirrors are
equipped with edge-sensors, composed of a laser diode/ webcam
pairing, which allows an initial panel-to-panel alignment and mon-
itoring of the optical system alignment during operations. Optical
tables located at the center of the primary and secondary reflectors
house a laser-based global alignment system which aligns the com-
plete primary, secondary and the camera focal plane (see [18] for
further description of alignment system design). The final stage of
the alignment process uses a CCD image of a bright star at the fo-
cal plane to fine-tune the alignment of individual panels.

A first successful alignment of the full system was completed
in December 2019. Fig. 3 shows an image of the star Capella at the
focal plane of the pSCT. The 20 containment radius is 2.8 arcmin,
which meets the design specification of 3.6 arcmin. Almost all of
the light (75%) from a point source is contained within the 4 ar-
cmin square Cherenkov camera image pixel. Significant improve-
ment of the alignment is still possible with future steps, includ-
ing off-axis alignment and the development of improved stability
of the alignment system during telescope motion and temperature
variations.

An equally important goal of the pSCT project is to demon-
strate the technical feasibility of a low cost, extremely high density,
high speed, modular silicon-photomultiplier camera for ground-
based gamma-ray astronomy. The use of solid-state photo-detector
technology for atmospheric Cherenkov telescopes was first accom-
plished by the FACT project [19], and provides significant advan-
tages in photon detection efficiency, per-channel cost and photo-
sensor density over traditional photomultiplier-tube approaches.

The current pSCT camera [20], installed in 2018, represents the
first stage of the project and is equipped with 24 modules in a
square grid configuration. The central position contains a tempo-
rary optical alignment module, at present, as illustrated in Fig. 4.
While this will unavoidably cause some truncation of gamma-ray
event images from a source located at the center of the field of

Astroparticle Physics 128 (2021) 102562

Fig. 4. The focal plane photosensor array of the current pSCT camera. The nine
FBK SiPM modules are outlined in red, the remainder are Hamamatsu, outlined in
blue. The central location currently houses an optical alignment module. The mod-
ule pitch spacing is 54mm, and the camera field of view subtends 2.7° x 2.7°. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

view, the effect should be relatively minor, since the Cherenkov
emission peaks at an angular distance of approximately one degree
from the source position.

Each camera module consists of a focal plane unit housing
64 SiPM image pixels, each with a 6mm x 6mm photosensitive
area, and a front-end electronics unit containing the associated
pre-amplifier, digitization and low-level trigger electronics. Fifteen
of the modules are equipped with SiPMs commercially produced
by Hamamatsu (model S12642-0404PA-50(X)), and the remaining
nine modules are equipped with SiPMs developed by Fondazione
Bruno Kessler (FBK) in collaboration with the Istituto Nazionale di
Fisica Nucleare (INFN) [21-23]. A trigger pixel, which is formed
from the analog sum of the signals from four adjacent image pix-
els, generates a trigger when the trigger pixel signal crosses a dis-
criminator threshold. The individual modules are connected to a
custom backplane which performs camera-level trigger decisions,
housekeeping and power-supply management. A camera trigger is
generated by a coincidence of three adjacent trigger pixels and ini-
tiates read-out of the TARGET 7 (7th generation of the “TeV Ar-
ray Readout with GSa/s sampling and Event Trigger”) digitizing
application-specific integrated circuits (ASICs). More information
on the design and calibration of the various generations of TARGET
ASICs can be found in [24-26]. The length of the signal waveform
readout window is adjustable, and is currently 128ns, recorded in
1ns samples. The waveforms for all camera pixels are recorded to
disk for each triggered event, and stored for offline analysis.

Each SiPM camera image pixel views a 0.067° x 0.067° region
of the sky, and the full field of view of the existing camera is
2.7° x 2.7°. In the final pSCT design, the camera will house 177
modules covering an 8.0° field of view with 11,328 SiPM pixels.
The full camera is expected to be installed and operating in 2022
[27].

3. Observations and operations

Observations of the Crab Nebula with the pSCT began on Jan-
uary 18, 2020, and continued until February 26, 2020. Data were
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Fig. 5. The arrival time difference between events recorded by the pSCT and by VERITAS for a single Crab Nebula observation run (black points). The pSCT times have been
corrected for a linear drift and a fixed offset (the drift is 0.385uss~! for this run, empirically determined using the times of well-matched cosmic ray events themselves).
The width of the thick black curve in the y-direction illustrates the +50ns coincidence. Red squares indicate gamma-ray candidate events, identified by the VERITAS analysis.

collected primarily in ON/OFF mode, in which 28-min observations
of the source (ON) are preceded or followed by 28-min observa-
tions of a blank field (OFF). The OFF-source observations are offset
from the target in right ascension by an amount which ensures
that they cover the same elevation angle range as the ON-source
exposure. The order of each pair (ON/OFF or OFF/ON) was cho-
sen so as to maximize the elevation (and minimize the airmass)
at which the data were taken. The typical hardware trigger rate
was approximately 100Hz. In this prototype system, the majority
of these triggers are due to electronic noise, with just a few Hz
of actual cosmic ray events. The trigger rate also includes 10Hz
artificially injected by uniform illumination of the camera with
light pulses from an LED calibration system. Housekeeping mea-
surements (module temperature and SiPM current readings) were
taken every few minutes, briefly interrupting the data acquisition.

After removing data with major hardware problems or poor
weather (as determined by the observers on site), the total ex-
posure, without correction for acquisition deadtime, is 21.6 h ON
and 17.6hours OFF. Four hours of the ON source data do not have
matching OFF source observations. We note that operating pa-
rameters were varying during these commissioning observations,
during which the telescope performance characteristics were still
being investigated. In particular, significant changes to the hard-
ware trigger were implemented, including the masking of particu-
larly noisy regions of the camera. A temperature stabilization pe-
riod of ~5 min prior to observations was also introduced, which
improved system stability and noise performance. Additionally, a
changing subset of typically 3 of the 64-pixel camera modules
were not operating for all of the observations, due to hardware
and communications problems. However, all operating parameters
were held constant for the full duration of each ON/OFF pair, to
reduce any chance of the changing conditions introducing a sys-
tematic bias which could mimic a signal.

4. Analysis with the pSCT and VERITAS

The standard approach to the analysis of imaging atmospheric
Cherenkov telescope data requires the development of extensive
Monte Carlo simulations of air shower development and a detailed
model of the telescope optical and electronic response. These sim-

ulations are used to establish the gamma-ray selection criteria, and
to calibrate algorithms used to estimate the gamma-ray primary
energy [28]. However, the pSCT camera is an experimental proto-
type, with known limitations. The camera will soon be significantly
revised, and substantially replaced, during the forthcoming cam-
era upgrade. A major investment in accurate simulation, including
a full description of the complex electronic noise performance, is
therefore not justified. Fortunately, the fact that the pSCT is co-
located with the VERITAS array means that simulations are not re-
quired, if the goal is simply to establish proof of concept by detect-
ing an astrophysical gamma-ray source. VERITAS, co-located with
the pSCT, is a well-calibrated, mature facility, which can provide
independent information about the nature and properties of air
showers observed simultaneously by the two instruments. In par-
ticular, it can clearly identify true air shower events (as opposed
to electronic or night-sky-background noise-triggered events) and
determine, with high confidence, which of these were initiated by
gamma-ray primaries.

VERITAS has been in full scientific operation at the Whipple Ob-
servatory since 2007, and its current sensitivity and performance
are summarized in [29]. It consists of four, 12m aperture Davies-
Cotton telescopes separated by approximately 100m. Each tele-
scope is equipped with a 499-photomultiplier-tube camera, cover-
ing a field of view with a diameter of 3.5°. Cosmic ray air showers
are recorded at a rate of ~ 400Hz at elevation angles above 60°.
The data are analysed using a standard analysis chain [30] which
identifies gamma-rays in the 85GeV - 30TeV range. An astrophysi-
cal source with a gamma-ray flux and spectrum similar to that of
the Crab Nebula can be detected at the 50 level in 1minute.

Analysis of the pSCT Crab Nebula observations begins by estab-
lishing a dataset of clearly identified air shower events. Both VER-
ITAS and the pSCT are equipped with high frequency oscillators
(125MHz for the pSCT, and 10MHz for VERITAS), which provide
precise event timestamps. After accounting for systematic timing
offsets and drifts (primarily a run-dependent linear drift term on
the order of 1uss~!), these timestamps can identify air show-
ers observed simultaneously by both instruments, within a coin-
cidence window of +50ns (Fig. 5). The data sample used for this
step consists of 2.2hours of coincident observations from January
28, 2020, recorded with a source elevation above 60°. A total of
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Fig. 6. We demonstrate the effect of the sample-dependent pedestal subtraction
on an example signal waveform. The upper trace shows the data recorded by the
camera in analog to digital converter (ADC) counts. The result of the subtraction is
shown in the lower trace.

11,615 coincident air shower events were identified, with a typical
coincident event rate of 1.5Hz. This low rate (and correspondingly
high energy threshold) is primarily a consequence of the high trig-
ger thresholds which are required for operation of the electronic
noise dominated prototype camera.

Working with this cosmic ray event sample, we next establish
analysis procedures to process and parameterize the raw pSCT im-
ages. The pSCT data consist of a list of camera events which con-
tain the 128-sample digitized waveforms for each of the 1536 SiPM
pixels. These waveforms are calibrated by subtracting the pedestal
(the response in the absence of any signal), which is tabulated as a
lookup table accounting for the position of each storage cell in the
switched capacitor array, as illustrated in Fig. 6.

The signal for each channel is simply determined by search-
ing the waveform to find the sample with the largest number of
analog-to-digital converter (ADC) counts, and then integrating the
pedestal-subtracted counts over a window of +8ns centered on
this peak value. An approximate conversion of the integrated ADC
signal to an estimate of the number of photo-electrons generated
at the SiPM photocathode is accomplished by studying the calibra-
tion LED events using the “photostatistics” method described by
Hanna et al. [31]. We note that this is not strictly accurate, in the
case of silicon photomultipliers, and future work will apply more
appropriate analyses which account for excess noise due to the
correlated processes of crosstalk and afterpulsing [32].

Camera events that do not contain a clear air shower image are
next identified and removed by requiring images to have at least
four adjacent pixels with signals greater than 2 photo-electrons.
Events triggered by the calibration LED flasher are also removed,
based on their arrival times. The images for events which pass
these criteria are then cleaned to remove image pixels which do
not contain a clear Cherenkov signal. For this step, we use a mod-
ified version of the aperture image cleaning procedure of Wood
et al. [33], with an aperture cleaning radius equal to twice the im-
age pixel size (0.134°). In this procedure, at each pixel location,
the signals from all other pixels within the aperture cleaning ra-
dius are summed together, with signals from pixels partially con-
tained by the aperture weighted appropriately. If this summed sig-
nal crosses a threshold, the pixel on which the cleaning aperture
is centered is kept for future analysis. For this work, reasonable
thresholds were determined empirically for each cleaning aperture,
by examining the effect of the cleaning on a sample of randomly
triggered noise events which do not contain Cherenkov light. We
stress that, in contrast to most operating Cherenkov telescopes, the
dominant noise component in the signal traces for this prototype
instrument is electronic and readout noise, as opposed to night sky
background photons.

Astroparticle Physics 128 (2021) 102562
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Fig. 7. Example of the pointing correction. The red cross indicates the center of the
field of view, while the blue cross shows the actual position of the Crab Nebula,
as derived by aligning the current image with the star field at that time. Modules
and pixels with current-readout hardware problems are represented in white. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

The remaining cleaned images are then parameterized using a
simple geometrical moment analysis [34], and the resulting Hillas
image parameters (size, length, width, distance, o, etc.) are deter-
mined.

Before the complete set of Hillas parameters are calculated,
however, we must first correct for any errors in the telescope
pointing. While the Crab Nebula (or its OFF source counterpart)
was nominally at the center of the camera during these obser-
vations, the telescope bending model was not yet determined,
and pointing corrections were not applied during tracking, result-
ing in a residual pointing offset. Offline pointing corrections for
Cherenkov telescopes are typically calculated using independent
CCD cameras that view the sky and the Cherenkov camera at the
same time. For finely-pixellated cameras such as the pSCT, the pho-
tosensors of the Cherenkov camera itself can be used to derive
pointing corrections with a similar level of accuracy, using the lo-
cations of stars within the field of view [35]. In this analysis, the
star locations are measured using the SiPM anode currents, as il-
lustrated in Fig. 7. During each run, the SiPM currents are read out
every 3 minutes. For this analysis, we first measured the pointing
offset using a few current maps taken from each run, and then cal-
culated the offset at a given time using a linear fit to these offsets
as a function of telescope elevation. The maximum calculated off-
sets are typically on the order of a few SiPM pixels (~ 0.2°), as il-
lustrated in Fig. 8. The true position of the Crab Nebula in the field
of view is then used to derive the Hillas parameters for each im-
age. This includes «, defined as the angle between the major axis
of the image and a line joining the image centroid to the putative
source position.

The final stage of the analysis concerns the separation of
gamma-ray initiated events from the cosmic ray background. In
addition to identifying cosmic ray air shower events, the standard
VERITAS reconstruction tools can be used to establish, with high
confidence, which events are likely to be due to incident gamma-
rays. For the 2.2 h January 28th data sample, 18 coincident events
passed the VERITAS gamma-ray selection cuts. Fig. 5 illustrates the
arrival times of a subset of these gamma-ray candidates, while
Fig. 9 shows one of these events as seen by both the pSCT, and
by VERITAS Telescope 4. Telescope 4 is closest to the pSCT, at a
distance of only 35m, and therefore has a very similar view of the
Cherenkov emission from most air showers.
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Fig. 8. Pointing correction along x (top) and y (bottom), in camera coordinates, as
a function of time since culmination of the Crab Nebula (or its OFF source counter-
part). Multiple runs from different nights are shown; points of the same colour are
from the same run.The black curves are polynomial fits.

Table 1
Gamma-ray selection cuts optimized using
VERITAS matched events.

Gamma-ray selection cuts

0.33° < distance < 1.14°

250p.e. < size < 20000p.e.

width < —0.070° + 0.047° log,, (size/p.e.)
length < —0.369° + 0.201° log,, (size/p.e.)
1.139° — 1.742° (width/length) < distance
distance < 1.273° — 0.737° (width/length)
o < 6°

This sample of 18 gamma-ray candidate events, and 11,597 cos-
mic ray events, can then be used to optimize the pSCT image pa-
rameter selection cuts which provide discrimination between the
two populations. The parameter selection cuts we use are based on
those originally developed for the Whipple 10m telescope [36,37].
Fig. 10 illustrates the size-dependent cut boundaries for the image
width and length parameters. For this first analysis all cuts were
optimized manually, and constrained to retain ~ 95% of the very
limited gamma-ray sample after all cuts were applied. The full set
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Fig. 10. The Hillas width (top) and length (bottom) parameters, as a function of im-
age size, for the 2.2 h sample of overlapping VERITAS and pSCT data. The gamma-
ray selection cuts in Table 1 retain events below the red lines. Retained events are
shown in blue, while rejected events are in black. Gamma-ray candidates identified
by VERITAS are indicated by red squares. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

of optimized cuts is detailed in Table 1. These cuts are then ap-
plied to the full remaining sample (17.6hours) of ON/OFF observa-
tions of the Crab Nebula with the pSCT. We stress that the data
used to derive the cuts are excluded from this final stage, as are
any ON source observations without matching OFF source data.
Fig. 11 shows the distribution of the o parameter for both ON
and OFF source observations. An ON-source excess is apparent at
low values of «, corresponding to a statistical significance of over
8 standard deviations (o, calculated using equation 17 of [38]),
providing a clear detection of gamma-ray emission from the Crab
Nebula. The average gamma-ray rate is 0.28 £+ 0.03min—1. As with

g 5 g 3 3 8
(suo39120304d) 260D

Fig. 9. The same air shower event, observed by VERITAS Telescope 4 (left) and the pSCT (right). VERITAS array reconstruction identifies this as a 3.5TeV gamma-ray candidate.
The angular scale of the two images is the same. The image on the right shows the cleaned pSCT image, together with missing or non-functioning modules (white space).
The true position of the Crab Nebula in the field of view, after pointing corrections, is also indicated.
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Fig. 11. «: the angle between the major axis of the image, and a line joining the
centroid of the image to the location of the Crab Nebula. The red histogram is for
17.6hours of ON source observations, black is for the same duration of OFF source
observations, after applying the gamma-ray selection cuts in Table 1. The shaded
region indicates the < 6° cut on « itself. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

the cosmic ray rate, this gamma-ray rate is very low, when com-
pared with the expectation based on the Crab results from single
telescopes with similar photon collection efficiencies (e.g. a few
events per minute, for the Whipple 10m). This is consistent with
the conclusion that the current pSCT energy threshold is much
higher than the ultimate design goal, primarily as a result of the
electronic noise dominated trigger threshold.

The Crab Nebula detection is further illustrated in Fig. 12, which
shows a 2-D map of the gamma-ray emission generated using the
method of [39]. The arrival direction of each air shower is derived
by estimating the angular distance along the long axis of the image
between the image centroid and the source position using the disp
parameter, which is defined as:

width ) (1)

Y (degrees from source)

-1.0 -0.5 0.0
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Table 2
Gamma-ray selection cuts optimized using the
pSCT training sample.

Gamma-ray selection cuts

0.47° < distance < 1.07°

250p.e. < size < 20000p.e.

width < —0.072° + 0.045° log,, (size/p.e.)
length < —0.342° + 0.201° log; (size/p.e.)
o < 6°

The constant & was empirically determined from the mean of
the distance distribution for the gamma-ray candidate events iden-
tified by VERITAS (& = 1.24°). The skymap is then constructed by
calculating the statistical significance of each point in the map, us-
ing the number of ON and OFF events which lie within 0.1° of the
selected map point.

5. Analysis with the pSCT alone

The analysis described above was optimized using just 18
gamma-ray candidate events, and a small (2.2 h) sample of over-
lapping VERITAS and pSCT data. This allowed a clear detection of
a strong gamma-ray source. However, with this reasonably strong
detection in hand, it is possible that the sensitivity of the analysis
can be improved by optimizing on a larger sample of pSCT data
alone.

To explore this possibility, we divide the 17.6 h of ON/OFF data
into two subsets: a “training” sample, consisting of 5.9 h of ob-
servations spread throughout the campaign, and a “test” sample of
the remaining 11.7 h. Applying the analysis described in the previ-
ous section to the training sample results in a signal with a signif-
icance of 5.70. Re-optimizing the analysis using only this training
sample results in the gamma-ray selection cuts shown in Table 2.
The re-optimization was conducted simply by sequentially chang-
ing the individual cut parameters and observing the effect on the
significance and the excess rate of the training sample. The final
set of cuts will therefore not be perfectly optimized: this would
require a full multi-dimensional minimization. However, they rep-

(0) uedYIUbIS [R21ISIIEIS

0.5 1.0
X (degrees from source)

Fig. 12. A significance sky map of the Crab Nebula observations in camera coordinates (with X and Y corresponding to azimuth and altitude, respectively). The cuts in
Table 1 (except for the cut on the Hillas « parameter) are used to select events from the 17.6hours of matched ON and OFF source data. Shower arrival direction is
reconstructed using the disp method [39]. Top hat smoothing with a smoothing radius of 0.1° is then applied.
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Table 3
A summary of the analysis results. “t” is the ON-
source exposure time in hours.

Cuts optimized using VERITAS matching

ON OFF o o/t

Full dataset 729 436 86 205
Training sample 202 104 5.7 235
Test sample 527 332 6.7 1.96

Cuts optimized using the pSCT training sample
Test sample 307 152 73 213

resent an improvement over the original analysis, providing an a
posteriori significance of 7.20 when applied to the sample of data
on which they were trained. Applying these cuts a priori to the test
sample improves the statistical significance for this sample from
6.70 to 7.30. Probably more important than this modest improve-
ment is that this demonstrates that pSCT data alone can be used
to test and further refine the analysis in future, without requiring
strictly coincident VERITAS observations. A full summary of the re-
sults is given in Table 3.

6. Conclusions and prospects

The results presented here are a snapshot of the current com-
missioning status of the pSCT. While they are encouraging, and
represent an important milestone in the project development, it
is clear that the telescope is currently operating far below its ul-
timate design sensitivity. The reasons for this were foreseen, for
this experimental prototype, and are reasonably well understood.
In particular, both the online triggering behavior and the offline
waveform and image analysis performance are dominated by elec-
tronic noise, as opposed to night-sky-background light. This is-
sue will be addressed with the upgrade to the full, 8° field of
view camera, which is currently in production. Critically, the up-
graded camera will use a revised version of the TARGET chips, in
which the independent trigger and digitization functions are im-
plemented in two separate ASICs (T5TEA and TARGET C, respec-
tively [40]), to remove electronic noise coupling between the two
paths. It will also include improved pre-amplification, SiPM bias
voltage control and pulse-shaping through the use of the SMART
ASIC. A physical redesign of the camera electronics modules will
improve reliability and shielding, and further minimize cross-talk
and noise pickup on the analog lines. Laboratory tests indicate that
these modifications are effective, reducing the electronic noise to
the single digital count level.

The pSCT will continue to operate while the upgraded camera
is under construction. The F.L. Whipple Observatory re-opened in
October 2020, following its temporary closure in March 2020 due
to the COVID-19 epidemic. An intensive program of pSCT observa-
tions and engineering tests are planned for 2020-2021. These in-
clude work on the optical alignment, to ensure stable and opti-
mum optical performance over the full field of view and over all
azimuth and elevation angles. The telescope’s mechanical pointing
model will also be tuned, and various improvements to the cam-
era hardware, operational software and observing procedures will
enhance reliability and stability.

Offline software development work is required to build accu-
rate Monte Carlo simulations of the telescope response which will
allow to measure gamma-ray source fluxes, energy spectra and
morphology. Analysis tools which take full advantage of the pSCT’s
high resolution optics and camera are also under development. As
experience with prior generations of Cherenkov telescopes shows,
the ability to rapidly and consistently detect a strong astrophysical
gamma-ray source is invaluable to such efforts. The Crab Nebula
can be easily detected by the pSCT in a short exposure (5.5 h of ON
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source observations for a 50 detection, using the cuts in Table 2).
The analysis and simulation development of the pSCT will be fur-
ther boosted by continued coordinated observations with VERITAS,
and the pSCT is expected to eventually operate as an additional
telescope in the VERITAS array, providing a significant enhance-
ment in sensitivity and performance.

Ultimately, however, the pSCT’s primary purpose is to serve as
a pathfinder for a major contribution to CTA. The goal of the SCT
team is to deliver at least 10 SCTs to the CTA observatory, which
will considerably enhance the overall performance of CTA. Much
of the pSCT effort over the next few years will be in support of
this goal, including a focus on developing the manufacturing and
systems engineering required for an SCT contribution to this ma-
jor astronomical observatory. The timely addition of SCTs will help
CTA to play a leading role in multimessenger astrophysics, and to
achieve its wide-ranging key science goals: studying astrophysical
particle acceleration, probing extreme environments in the Uni-
verse and addressing fundamental physical questions, including the
nature of dark matter [41].
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