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ABSTRACT

The Cherenkov Telescope Array (CTA) is the next-generation ground-based observatory for very-high-energy
gamma rays. One candidate design for CTA’s medium-sized telescopes consists of the Schwarzschild-Couder
Telescope (SCT), featuring innovative dual-mirror optics. The SCT project has built and is currently operating
a 9.7-m prototype SCT (pSCT) at the Fred Lawrence Whipple Observatory (FLWO); such optical design enables
the use of a compact camera with state-of-the art silicon photomultiplier detectors. A partially-equipped camera
has recently successfully detected the Crab Nebula with a statistical significance of 8.6 standard deviations. A
funded upgrade of the pSCT focal plane sensors and electronics is currently ongoing, which will bring the total
number of channels from 1600 to 11328 and the telescope field of view from about 2.7° to 8°. In this work, we
will describe the technical and scientific performance of the pSCT.

Keywords: Imaging Cherenkov Telescopes, Aplanatic Optical System, Gamma rays, Silicon photomultipliers,
Schwarzschild-Couder Telescope
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1. INTRODUCTION

Ground-based very-high-energy (VHE, E >~ 100 GeV) gamma-ray astronomy is a relatively young and yet
powerful field of study, that allows us to probe the most energetic and explosive phenomena of the Universe.
Because of the opacity of Earth’s atmosphere at such energies, the detection of gamma rays on the ground is
performed by indirect means. Photons entering the atmosphere degrade their energy through pair production
and Bremsstrahlung losses, leading to the development of so-called electromagnetic (e.m.) showers (see e.g.:! for
a schematic model of such a process). The charged particles in the shower travel faster than light’s phase velocity
in the atmosphere and the air molecules polarized by their passage emit radiation in a coherent wave.? Such
radiation, also known as Cherenkov light, peaks at ultra-violet (UV) wavelengths and is emitted at very small
angles (~ 1°), so that an e.m. shower illuminates on the ground a pool of roughly 250 m diameter. Imaging
Atmospheric Cherenkov Telescopes (IACTS) reconstruct images of e.m. showers to obtain the direction and
energy of the original gamma ray, by means of a combination of a segmented-mirror reflector and a pixelated
UV-sensitive camera with nanosecond sampling.?

From the pioneering experience of the Whipple 10 m telescope at the FLWO, that first detected VHE gamma-
ray emission from the Crab Nebula,* TACTs have continuously improved, allowing physicists to unveil around
200 TeV emitters in both the Galactic and the extragalactic sky. Two of the three major IACTs currently
operating (H.E.S.S* and VERITAS') consist of arrays of IACTs with single-reflector telescopes implementing
a Davies-Cotton (DC) design and with cameras based on photomultiplier tubes (PMTs); MAGIC* features a
parabolic reflector. Current DC designs, however, suffer from several limitations such as a relatively small field
of view (FOV, ~ 3.5° — 5°) and a poor image resolution (~ 0.1°%). Moreover, the image quality of DC-TACTs
is further limited by comatic aberrations.® The Schwarzschild-Couder telescope (SCT) aims to overcome these
limitations, with an aberration-free, wide FOV (~ 8°) dual-mirror design.” The SCT is a candidate design for
medium-sized telescopes (MSTs) of the Cherenkov Telescope Array (CTA), the next-generation ground-based
observatory for VHE gamma rays.®

2. THE SCHWARZSCHILD-COUDER TELESCOPE: BIG EYES WITH A SHARPER
VIEW.

The advantage of the SCT design is the correction of both comatic and spherical aberrations while retaining
a large FOV.? An additional advantage of the dual-mirror structure is the possibility to focus the Cherenkov
light on a smaller plate scale than existing TACTs. This opportunity enables the use of state-of-the-art solid-
state sensors, i.e. silicon photomultipliers (SiPMs) to build a higher-resolution camera. Monte Carlo studies
comparing the performance of DC- and SC-MST can be found here.'® Figure 1 exemplifies the above-mentioned
SCT advantages, by showing the improvement in the camera images of a gammarray- and a proton-induced
shower, when moving from a classical DC to a SC design. In the following paragraphs, we will describe the two
main components of the SCT: the optics and the focal plane.

2.1 Optical system components and performance

Figure 2 shows the structure of the optical system (OS) of the SCT. The primary reflector (M1) has a diameter of
9.7 m and is segmented in 48 panels, arranged in 2 concentric rings (32 outer primary - P2s and 16 inner primary
- P1s); the secondary (M2) has a similar configuration (16 outer secondary - S2s and 8 inner secondary - Sls)
and a diameter of 5.4 m. The de-magnifying M2 allows for a reduction of the effective optical system focal length
of a factor of almost 3, if compared to DC-MSTs; the plate scale is hence reduced as well (1.625 mm/arcmin).

Each panel is equipped with a Stewart platform that allows for positioning with six degrees of freedom,
mirror-panel edge sensors (MPES) for relative position monitoring, and a controller board. In order to achieve
and maintain the alignment of such a complex mirror structure, both single-panel and global control systems are
required. More specifically, the panel-to-panel alignment system (P2PAS) monitors and corrects for the relative
displacement of pairs of adjacent segments. The global alignment system, instead, is composed of two optical

*https://www.mpi-hd.mpg.de/hfm/HESS/
Thttps://veritas.sao.arizona.edu/
thttps://magic.mpp.mpg.de/
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Figure 1. From top left to bottom right: images of 1 TeV gamma-ray-induced showers (100 m impact distance), as seen
by a standard DC-MST (top left) and a SC-MST camera (top right); images of 3.16 TeV proton-induced showers (0 m
impact distance), as seen by a standard DC-MST (bottom left) and a SC-MST (bottom right) camera.
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Figure 2. Structure of the SCT optics. Both the primary and secondary reflectors are composed by two concentric rings
of aspheric panels. Figure adapted from'! and.’

tables on M1 and M2, and the optical camera alignment module (OCAM), which can be installed in the focal
plane replacing the central SiPM-camera focal plane module (FPM).

The optical point spread function (PSF) of the system is defined as 2 x max{oy, oy}, where oy, o, are the
root mean square values on two orthogonal axes of the PSF. The acceptable and goal PSF are 3.2 arcmin and 2.6
arcmin, respectively. The alignment procedure exploits the de-focused images of stars to unambiguously identify
the position of each panel; with this procedure, an on-axis PSF of 2.8 arcmin was achieved in December 2019
(see Figure 3 (left)). The details of the SCT OS components and its verification are described in.”

On-axis PSF (Capella, December 2019)
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Figure 3. Left: Image of the star Capella on the SCT focal plane, after the alignment of the OS achieved in 2019.
Highlighted in red and green are the SiPM-camera image (4 arcmin) and trigger (8 arcmin) pixel sizes. The cyan circle
represents the 80% containment, as obtained from a 2D Gaussian fit. Image adapted from.® Right: Dependence of the
optical PSF on telescope elevation. Image taken from.'? Blue points correspond to elevations taken before the star
culmination, red points to elevations taken afterwards.

The procedure followed in® was designed to align S2, P2 and P1 panels with respect to Sls (kept fixed). A
separate procedure for S1-S1 alignment was developed and recently tested!? during dedicated optics commis-
sioning work in April 2021. In addition to the development of the S1-S1 alignment procedure, the dependence
of the optical PSF on the telescope elevation was characterized. As already mentioned, the alignment procedure
exploits the de-focused images of stars in the focal plane (see?!'? for a detailed description). When everything
is aligned, the image of the star is a point in the focal plane; by tilting P1s and P2s, while keeping S1s and S2s
fixed, the point is split into two concentric rings (outer from P2s-S2s reflections, inner from P1s-S1s reflections);
finally, by tilting S2s, a third intermediate ring is created. When the rings are aligned, the actuators’ state is
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saved in a database and the PSF for this configuration (after collapsing the rings back into focus) is calculated.
As the measurements plotted on Figure 3 (right) show, an average PSF of about 3 arcmin across the tested
range was achieved. At 40° elevation, the panel corrections as calculated for an elevation of 77° were used; this
was deliberately done to estimate the effect of a poor alignment on the PSF. Along with making clear why an
elevation-dependent panel alignment is needed, the measurement at 40° shows the stability of the OS, as the
degraded PSF is only ~15% higher than the acceptable PSF. We are currently planning to carry out more test
campaigns, which will also be dedicated to perform measurements of the off-axis optical PSF performance, in
order to provide a complete characterization of the SCT OS.

2.2 Focal plane

As mentioned in Section 2.1, the de-magnification achieved with the M2 reflector is such as to enable a reduced
plate scale (78 cm diameter) with respect to conventional single-mirror MSTs (2.23 m diameter). Thanks to this,
a much more finely pixelated camera (0.067° imaging pixel), based on silicon photomultipliers, can be employed.
Over the past decade, SiPMs have reached a technological maturity such that they have been extensively used
as a replacement for standard PMTs in applications where light detection to a single-photon level is required.
Compact, rugged, and insensitive to magnetic fields, they come in different form factors (1 mm to 1 cm linear
size) and spectral responses, for sensitivities optimized from vacuum- to near-ultraviolet (VUV/NUV)!314 to
visible!® to near-infrared (NIR).!6

The SCT focal plane has a modular structure: it is divided into 9 sectors, each with the capability of housing
up to 25 focal plane modules (FPMs). Each FPM consists of 64 6x6 mm? imaging pixels, for a total of 11328
pixels distributed over 177 FPMs (see!” and references therein). The prototype SCT is currently populated with
the central sector only and features a combination of SiPMs from 2 different manufacturers: 15 modules are
based on Hamamatsu’s S12642-0404PA-50(X) and 9 on Fondazione Bruno Kessler’'s NUV-HD (the central FPM
slot is occupied by an OS calibration unit), for a total of 1536 pixels.

Groups of 4 neighboring image pixels (called a trigger pixel) are monitored for a threshold crossing of their
analog sum. When 3 adjacent trigger pixels trigger in coincidence a camera trigger is produced (each trigger pulse
is 10 ns wide and a 1.5 ns overlap between pulses is sufficient to generate a coincidence). A custom backplane
handles camera triggers, along with power management and housekeeping. The analog signals from each FPM
are sent to a front-end electronics (FEE) board through Samtec cables. The FEE houses preamplifiers and
current sensors, as well as the TARGET 7 (7th generation of the TeV Array Readout with GSa/s sampling and
Event Trigger'®20) digitizer and trigger chip. Figure 4 shows the components of a full module (FPM+FEE) of
the pSCT.

Preamplifiers and

Figure 4. Components of a full module (FPM+FEE) of the pSCT.

3. SCT OPERATIONS

The construction of the pSCT began in June 2015 and first light operations (or observations) were achieved in
January 2019. Since then, the SCT project has reached several important milestones. Of notable significance are
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the achievement of the pre-construction estimated on-axis PSF (December 2019) and the detection of the Crab
Nebula after the early 2020 data taking campaign. This detection was first announced during the 236" meeting
of the American Astrophysical Society (May 2020) and recently published.!” During the last year, despite the
COVID-19 pandemic restrictions, we have continued technical work on both the OS (as described in Section 2.1)
and the camera.

3.1 Observations of the Crab Nebula

The pSCT Crab Nebula campaign took place between January 18, 2020 and February 26, 2020 and is thoroughly
described in.'” In this section, we will outline the key points of the observation strategy, data analysis and results.

The observations on the Crab Nebula were performed in an ON/OFF (OFF/ON) mode: 28 minutes ON
(OFF), 2 minutes slew, 28 minutes OFF (ON). The OFF pointing was offset in right ascension (RA) to ensure
the same altitude-azimuth tracking coverage as for the on-source pointing. The deadtime-corrected ON and OFF
exposures are 21.6 and 17.6 hours, respectively; 4 hour-long runs were taken in ON only mode, one of which
was excluded and the remaining 3 used for calibration. The analysis was based on the Hillas parametrization of
images of shower candidates®! in the camera (moment analysis). The cuts on the Hillas parameters were derived
from observations conducted simultaneously with the VERITAS array.?? More specifically, coincident air shower
events (including 18 candidate gamma rays in VERITAS) were utilized to optimize the cuts that separate gamma
rays from cosmic-ray-induced showers in the pSCT dataset.

In addition to the Hillas analysis, we developed an offline pointing correction procedure using bright stars
in the images of the SiPM current readings. Figure 5 (top) shows one of the images, with the center of the
FOV and actual position of the Crab Nebula after alignment between the currents and star positions (in camera
coordinates) for the time at which the reading was taken. Both Zeta Tau and O Tau are clearly visible in the
Crab FOV and can be exploited (along with less bright stars) for alignment.

Ultimately, the signal from the Crab Nebula was detected with a significance of more than 8 standard
deviations. Figure 5 (bottom) shows the distribution of the alpha parameter (the angle between the shower
image major axis and the line connecting the image centroid to the Crab location) for both ON and OFF events.
A clear excess towards the direction of the Crab nebula can be observed.

3.2 Technical work in the 2021 season

Following a ~3-month shutdown of FLWO, commissioning work on the SCT resumed in mid-2020, including
efforts on both the optics and prototype camera, despite the global COVID-19 pandemic. One of the major
improvements resulting from the work on the camera was the inclusion of FBK-SiPM-based modules in the
trigger (they were excluded during the Crab campaign). Figure 6 (left) shows a block diagram of the trigger
circuit schematic of TARGET 7 for one of the trigger groups. The signal from each channel is fed to two inverting
amplifiers and then summed in groups of four with a summing inverting amplifier, with PMTref/ as a reference
voltage. This analog sum is fed to a comparator; lower values of the thresh parameter correspond to higher
physical signals, while higher values eventually get into the baseline noise level. From laboratory measurements,
we know that the range of linearity for the output of the summing amplifier (Node C) is 0.4-2.1 V. The PMTref4
value for each trigger pixel was initially tuned to have Node C set to 1.25 V for a baseline input, in order
to accommodate for bi-polar signals. However, due to the fact that our signals are unidirectional, this choice
effectively halved our dynamic range. Also, given that FBK and Hamamatsu SiPMs have different gains, this
sub-optimal choice led to the former immediately reaching the noise level, rendering a trigger including all camera
modules impossible to perform. We then changed Node C (and accordingly the tuning of PMTref4) to recover
the lost half of the dynamic range. On the right side of Figure 6, the effect of such a modification is clearly
visible. This plot shows the trigger rate as a function of the comparator value in the trigger line (at a constant
rate of the flasher units that are installed on the secondary). Before the PMTref4 tuning, a high rate of noise
triggers occurs for most thresholds (blue curve), while now (red curve) we have some room to perform a stable
trigger on the signal at different amplitudes. As mentioned in,'” the relatively low cosmic-ray rate (of few Hz)
is due to the high threshold adopted to trigger the prototype camera above the electronic noise; for this reason,
the trigger scan plot shown in Figure 6 appears dominated by flasher events.
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Figure 5. Top: Image from a current reading taken during an ON run. White pixels and modules are excluded due to
hardware problems. Both Zeta Tau and O Tau are clearly visible in the Crab FOV and can be exploited (along with less
bright stars) for alignment. The red cross marks the center of the FOV, while the blue cross marks the actual position

of the Crab after correction. Figure taken from.!” Bottom: ON (red) and OFF (black) events alpha histograms for the
Crab dataset. Image taken from.'”

4. TOWARDS THE CAMERA UPGRADE

The current prototype camera has several obvious limitations. The first one is its limited field of view (2.7°)
with respect to the one of the fully populated focal plane (8°). The second is the noise of the current electronics
implementation, which mainly stems from the relatively long distance between the sensors and pre-amplifying
chain and the fact that the trigger and data paths are housed in the same chip. The currently ongoing camera
upgrade aims to overcome these problems by adopting a single sensor type (FBK NUV-HD), new pre-amplifiers
(SMART - SiPM Multichannel ASIC for high Resolution Cherenkov Telescopes), and an implementation of
TARGET in which the digitization and trigger are performed by separate chips. Figure 7 shows laboratory
measurements of the charge spectra for one full module under pulsed illumination, for the current implementation
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Figure 6. Left: Block diagram of the TARGET 7 trigger line, for one trigger pixel. Right: Rate scan as a function of
thresh, at a constant flasher rate, before (blue curve) and after (red curve) PMTref4 adjustement. Image adapted from.?

of the electronics and the one foreseen for the upgrade; the adopted improvements lead to a dramatic recovery
of the expected SiPM resolution. The details of the camera upgrade project will be given in a separate paper
from this conference series Paper 11838-35.
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Figure 7. Left: Charge spectrum from one module mounting Hamamatsu SiPMs from the pSCT camera, under pulsed
illumination. Right: Charge spectrum from one of the upgraded camera FPM+pre-amplifier+FEE assemblies, mounting
FBK NUV-HD SiPMs. Image adapted from.?®

5. CONCLUSIONS AND OUTLOOK

The Schwarzschild-Couder Telescope is an innovative dual-mirror prototype for the medium-sized contribution
to CTA. During the last two years, the major technological challenges related to the OS design and an innovative
camera based on solid-state sensors have been met. In this sense, the detection of the standard TeV source, the
Crab Nebula, is of paramount significance for the SCT technology. It demonstrates the functionality of such
an innovative IACT and offers proof of principle. The ongoing camera upgrade aims to overcome the current
performance limitations, while fully populating the SCT field of view.
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