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Abstract. The prototype Schwarzschild-Couder Telescope (pSCT) is a candidate for a medium-
sized telescope in the Cherenkov Telescope Array. The pSCT is based on a dual-mirror optics
design that reduces the plate scale and allows for the use of silicon photomultipliers as photo-
detectors. The prototype pSCT camera currently has only the central sector instrumented with
25 camera modules (1600 pixels), providing a 2.68-deg field of view (FoV). The camera elec-
tronics are based on custom TARGET (TeV array readout with GSa/s sampling and event trigger)
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application-specific integrated circuits. Field programmable gate arrays sample incoming signals
at a gigasample per second. A single backplane provides camera-wide triggers. An upgrade of
the pSCT camera that will fully populate the focal plane is in progress. This will increase the
number of pixels to 11,328, the number of backplanes to 9, and the FoV to 8.04 deg. Here, we
give a detailed description of the pSCT camera, including the basic concept, mechanical design,
detectors, electronics, current status, and first light. © 2022 Society of Photo-Optical Instrumentation
Engineers (SPIE) [DOI: 10.1117/1.JATIS.8.1.014007]

Keywords: Cherenkov telescope array; instrumentation; imaging atmospheric Cherenkov tele-
scopes; prototype Schwarzschild—Couder telescope; very-high-energy gamma-ray astronomys;
silicon photomultipliers.

Paper 21077 received Jul. 29, 2021; accepted for publication Jan. 14, 2022; published online
Feb. 15, 2022.

1 Introduction

The current energy frontier for high-energy gamma-ray astronomy is around 50 TeV, and an
increased detection area is vital to future high-energy gamma-ray instruments. Along with
ground-based extensive air shower arrays (e.g., HAWC or LHAASO), large arrays of imaging
atmospheric Cherenkov telescopes (IACTs) are the most promising instruments to push the
energy frontier to higher energies.'

Earth’s atmosphere is opaque to very-high-energy (VHE; >100 GeV) photons, and the
fluxes are too small for satellite detection; thus, they must be detected from the ground through
indirect means. VHE gamma rays initiate extensive air showers. The shower constituent particles
move faster than the speed of light in the atmosphere and thus emit Cherenkov radiation.
Showers reach their maximum development at around 10 km above sea level. Cherenkov angles
range from 0.8 deg at 10 km above sea level to 1.4 deg at sea level. For vertical showers, these
opening angles produce a Cherenkov light pool with a radius of about 120 m at 1500 m above sea
level.> IACTs record the Cherenkov light produced by these showers. At energies >100 GeV,
cosmic rays are much more abundant than gamma-ray events and hence are the primary back-
grounds at these energies.’

The Cherenkov Telescope Array (CTA) is a ground-based observatory for VHE gamma rays.
The CTA “alpha configuration” will have two sites, one in the northern hemisphere in La Palma,
Spain, and one in the southern hemisphere in Paranal, Chile. The array will cover 3 km? in the
south and 0.25 km? in the north and will have telescope spacings of 100 to 300 m.

To cover a wide energy range, CTA will use three different sizes of telescopes: small-sized
(SST), medium-sized (MST), and large-sized (LST). These three sizes are designed to access
different energies between 20 GeV and 300 TeV. The northern site will have four LSTs and nine
MSTs. The southern site is planned to have 14 MSTs and 37 SSTs.?

Since the highest energy photons from extragalactic sources are absorbed by collisions with
the extragalactic background light, and the preponderance of galactic sources is in the southern
hemisphere, only the southern site includes SSTs, which are needed for good sensitivity at
100 TeV and above. Together, these sites will cover the whole sky and will have approximately
an order of magnitude greater sensitivity than current instruments.’

The prototype Schwarzschild-Couder (SC) telescope is a candidate for an MST for CTA and
is located at the Fred Lawrence Whipple Observatory in southern Arizona. An artist’s rendition
of the pSCT is shown in Fig. 1.

The pSCT will be sensitive to gamma-rays with energies between 100 GeV and 10 TeV. Most
IACTs use single-mirror Davies-Cotton or parabolic optics; however, the pSCT uses a dual-mir-
ror design with a 9.66-m primary mirror and a 5.4-m secondary mirror. SC optics produce an
excellent optical point spread function (PSF), a wide field of view (FoV), and a much smaller
plate scale than traditional Davies—Cotton optics.’ The small plate scale (1.625 mm per minute of

2329-4124/2022/$28.00 © 2022 SPIE
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Primary
mirror

Fig. 1 Artist’s rendition of the prototype SC Telescope. SC optics utilize two mirrors and a
curved focal plane to achieve excellent resolution and sensitivity. The primary (9.66 m) and
secondary (5.4 m) mirrors along with the location of the camera are labeled. Figure is taken
from Ref. 4.

arc®) means that silicon photomultipliers (SiPMs) can be used in lieu of traditional photomulti-
plier tubes (PMTs).’

The pSCT camera uses Hamamatsu and FBK SiPMs and custom TARGET (TeV Array
Readout with GSa/s sampling and Event Trigger) ASICs. SiPM pixels are much smaller than
traditional PMTs, and together these many small pixels are expected to provide a much higher
resolution air shower image. This improved image resolution means reduced uncertainty in
gamma-ray direction and energy resolution and better background rejection.

The pSCT camera uses a modular design with space for nine backplanes and 177 modules
(see Fig. 2). The current pSCT camera has a 2.68-deg FoV and 1600 pixels. A pSCT camera
upgrade will increase the FoV to 8.04 deg and the total number of pixels to 11,328. Figure 3
shows a full block diagram of the current pSCT camera. The camera shares common components
[front-end electronics (FEE) and backplanes] with the compact high energy camera (CHEC) that
is being developed for the dual-mirror CTA SSTs.?

Full camera = 9 sub-fields
177 modules
11,328 image pixels

|
Module of
64 image
pixels!

/

B +—— 4image pixels=
1 trigger pixel

Fig. 2 The pSCT camera has a hierarchical design. The full camera is comprised of nine sectors,
each of which can hold up to 25 camera modules (see Sec. 3). The sectors in each corner of the
camera are equipped with fewer modules, so the entire camera has 177 modules. Each module
has 64 image pixels, so the full camera will have 11,328 pixels. The current pSCT camera has only
the center sector populated with modules.
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pSCT network.
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2 Mechanical Design

The pSCT camera is located between the primary and secondary mirrors (see Fig. 1). The camera
structure is designed to hold up to 177 camera modules. Each module contains FEE as well as a
focal-plane module (FPM). Once installed, the focal plane modules together form a curved focal
plane that faces the secondary mirror. The camera can be moved via an alignment system (see
Sec. 2.2) to achieve the optimum distance and orientation between the focal plane and the sec-
ondary mirror (determined by the SC optics). The focal plane and camera electronics are pro-
tected from the elements by a retractable shutter (see Sec. 2.3), and the electronics are cooled by
a chiller system (see Sec. 2.4).

2.1 Structure

The pSCT camera is comprised of an outer structure and an inner structure (see Figs. 4 and 5).
The inner structure is designed to hold the camera modules (see Sec. 3) and can be moved rel-
ative to the outer structure for the purposes of optical alignment (see Sec. 2.2). The inner struc-
ture contains a front aluminum lattice and a back bulkhead, which are connected with internal
carbon fiber rods to reduce thermal variations in the separation between the lattice and the bulk-
head. The lattice was machined precisely to provide a flat front surface and to hold the focal
plane component of each camera module (see Sec. 3.1) in the correct position.

The fully populated camera (weight ~300 kg) was lifted into the telescope in the summer of
2018 with a crane. Once in position, the outer structure of the camera was bolted to the mounting
ring of the telescope. The outer structure is connected rigidly to the telescope and to the outer
shroud (which protects the camera from the elements).

(b) Front angle (C) Back angle

Fig. 4 Mechanical structure of the camera. The outer structure (shown in gray) connects to the
shroud and the telescope itself. The inner structure (containing the lattice) can be moved relative to
the outer structure via the alignment system described in Sec. 2.2. The shroud and window frame
are illustrated in red, the motors in blue, and the fans in black (visible on the left side of view (c)).
Modules are inserted into the inner camera structure from the front and are secured through
screws in the back bulkhead. Back end electronics (not shown) are also mounted to the back
bulkhead and connect with each module through a backplane connector.

J. Astron. Telesc. Instrum. Syst. 014007-6 Jan-Mar 2022 « Vol. 8(1)
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Roll +: A/B+, CF
Pitch &: Az, B

Fig. 5 Motor locations in the pSCT camera as shown from the front. The yellow octagon is the
outer structure of the camera and is connected with bolts to the telescope. The inner structure is
movable via the three motors labeled A, B, and C. The motion of the camera is described with a
right-hand coordinate system with the z direction labeled along the optical axis of the telescope.
z-motion of the camera requires that all motors move in unison. Pitch (rotation about the y axis)
requires motors A and B move in opposite directions. Roll (rotation about the x axis) requires
motors A and B move together and motor C moves in the opposite direction.

Modules are installed through the front lattice into the gaps between the carbon fiber rods and
connected to backend electronics through two holes in the back bulkhead. One hole is for the
module connector (which connects the module to its backplane), and the other is for the securing
screw (which holds the module in place). This securing screw can be used to pull each camera
module into its backplane connector. When tightened, the securing screw keeps the modules
tight against the front face of the lattice, ensuring that the module is at the correct location.
Modules can be extracted by loosening the securing screw and pushing to eject the module.
This system allows for there to be effectively zero clearance between the SiPMs on adjacent
modules, while still maintaining the ability to remove individual camera modules for servicing.

2.2 Alignment System and Motors

The interior of the pSCT camera (including the focal plane) can be moved relative to the outer
structure. This alignment system allows the focal plane to be precisely positioned in situ in the
correct orientation and at the correct distance to the secondary mirror, as required by SC optics.
Initial optical alignment of the pSCT was reported in Ref. 9.

The inner and outer structures of the pSCT camera are connected with three ball pin joints.
The inner structure is positioned entirely with these joints and can be moved relative to the outer
structure using a camera alignment system. Figure 5 shows both parts of the camera structure as
well as the location of the motors used in the alignment system.

The camera can be moved in the z direction or rotated using the appropriate pattern of three
motor assemblies. Each motor assembly contains a step motor that turns a motor driver screw.
This screw pushes or pulls a flange that is rigidly connected to the ball pin assembly. The motion
of the ball pin assembly is restricted by a rail system to a single direction, in this case in the z
direction (along the optical axis). One step of the motor system corresponds to 12.7 ym of
motion along the specified axis. The total range of motion along the z axis is 5.08 cm.

The camera can also be moved along the x- and y-axes by physically rotating the alignment
screws. When the horizontal alignment screws are loose, the camera can be moved along a track
perpendicular to the rails. Similarly, vertical alignment screws can control the vertical motion of
the camera. The motion in these directions is continuous rather than occurring in steps, and the
total range of motion is 2.5 cm in both directions.

The motor assemblies are controlled by an Arduino located in the motor electronics box.
Each motor can be moved independently or in conjunction with other motors. By moving spe-
cific motors in unison, the camera can either be moved in the z direction (along the optical axis)
or rotated. Figure 5 shows which motors are used to achieve each type of movement.

Once the camera is fully aligned, the vertical and horizontal alignment screws can be tight-
ened, keeping the camera in place indefinitely.

J. Astron. Telesc. Instrum. Syst. 014007-7 Jan-Mar 2022 « Vol. 8(1)
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(a) Shutter (b) Shutter tarp

Fig. 6 The focal plane of the camera is shaded and protected from the elements by a commercial
AluTech rollup shutter. (a) The shutter installed on the camera prior to its installation. The shutter
(black) is mounted onto the camera (red) with four cantilever triangles (red). This photo shows the
shutter slats partially rolled up, so the shutter is halfway closed. (b) The shutter tarp (white), which
is fixed to the face of the shutter (black) with Velcro to provide additional water protection.

2.3 Shutter

A shutter, mounted to the front of the camera enclosure, is used to protect and shade the camera
in daylight. After the camera and front shroud were installed into the telescope, the shutter was
lifted into place and mated to the front shroud of the camera using four triangle brackets to
cantilever the shutter weight.

The shutter is a 142 x 142 cm motorized commercial rollup shutter (AluTech, Inc.) with
manual override and remote control. A photograph of the shutter installed onto the camera
is shown in Fig. 6.

The shutter is composed of interlocking slats that form a continuous curtain that rolls up onto
a mechanical spool when in the open position. To close the shutter, the motor drives the curtain
sheet to slide along a continuous, brush-hair-sealed slot in the 5 X 2.5 cm extruded aluminum
support frame. The motor uses 120 V, 60 Hz AC power.

The shutter support frame is bolted to an interface frame that is mounted on the camera using
four cantilever triangles. The interface frame provides stiffness to the commercial shutter as well
as the transition between the camera octagonal front shroud and the square camera shutter. The
interface frame also provides a weatherproof seal to the back of the shutter. The shutter can be
controlled in four different ways: the web page, a handheld remote control, a local mechanical
switch, or a manual crank.

The camera shutter uses a Simu RTS Radio Micro Receiver 2008191 shutter motor control-
ler, which can be controlled using a handheld (RF) remote as well as with an external waterproof
SPDT switch mounted on the side of the camera. The Simu controller is also interfaced to a
ControlByWeb X-301 Remote control Dual Relay Controller. Two commercially available prox-
imity sensors (DC 3 Wire 6-36V PNP IR Photoelectric Sensor Switch; E18-B03P1) are inter-
faced to the sense inputs of the X-301 and are used to sense both open and closed positions of the
shutter curtain. The X-301 provides a simple web interface for operation of the Simu shutter
motor controller over the web, as well as a method of reading the status of the shutter position
(open or closed).

A waterproof tarp cover for the front of the camera shutter was constructed for an extra mea-
sure of water protection for the camera. The waterproof camera shutter tarp mounts on Velcro
strips directly onto the front shutter frame. The camera shutter tarp can be quickly installed or
removed (<1 min once the operator is in front of the camera).

2.4 Cooling System

The camera cooling system is comprised of a chiller (detailed in Fig. 7), which chills and cir-
culates coolant, and a set of fans coupled to a heat exchanger, which blow cooled air through the
camera. The primary purpose of this cooling system is to remove the excess heat that is generated
by the camera and module electronics during data taking. The cooling system cannot hold the
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Fig. 7 The pSCT chiller block diagram. The chiller unit cools a mixture of water and propylene
glycol, which is then pumped into the camera through a feed valve. The chilled coolant mixture is
circulated through the right side of the camera. Fans blow across the chilled pipes, blowing this
cold air through the camera electronics. The coolant is then returned to the chiller unit to be chilled
again.

camera at a predetermined temperature. Individual modules contain a separate cooling system
for their SiPMs. Modules are equipped with a Peltier controller that can be used to further sta-
bilize the temperature of the focal plane.

The camera cooling system was designed to provide sufficient cooling capability for a fully
populated focal plane, but during the prototype phase, the heat exchangers and cooling fans
within the camera were sized to accommodate only the partially filled focal plane. The remainder
of the cooling system was constructed to accommodate the cooling requirements of the full focal
plane installation.

The cooling system uses a Dimplex SVO-5001M 60000 BTU/hour (17.6 kW) modified for
delivery of 40 U.S. gallons per minute (151 Ipm) at 45 psi (310 kPa), filled with coolant that is a
50-50 mixture of propylene glycol and water. The Dimplex chiller is permanently mounted on a
separate concrete pad from the SCT telescope. Chilled coolant and return lines run underground
between the chiller unit and the telescope through insulated rubber hoses [1” (2.54 cm) inner
diameter, Parker 7092 hose wrapped in 1/2” (1.27 cm)-thick Buna-N/PVC closed cell insula-
tion]. A series of manual valves and check valves, located near the chiller unit, allow the chiller
unit to be emptied or run in a local test loop to bypass the telescope.

The insulated chiller lines run vertically through the telescope pedestal axis and connect to a
two-port rotary union (Duff-Norton 750780C), which is located on the azimuthal axis and is
directly driven by the azimuthal telescope head through a connecting rod with a pair of U-joints.
The rotary union provides a rotating joint for the chilled coolant and return feed, thereby elimi-
nating twisting of the chiller lines under telescope azimuthal rotation. The chiller lines continue
up through a flexible hose/cable manager IGUS R18840 energy chain) that bridges the variable
gap between telescope positioner and the primary mirror. The chiller coolant feed and return
lines run along the telescope tower arms. The chilled coolant feed line passes through a manifold
mounted midway between the primary mirror and the secondary mitror, bolted to a tower strut.
The chilled coolant manifold provides a shutoff valve, check valve, and pressure regulator to
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reduce the chilled coolant from the unregulated pressure of 40 to 45 psi (275 to 310 kPa) to a
regulated pressure of ~3 psi (20 kPa). The pressure regulator is needed to compensate for the
varying coolant pressure in the chiller lines caused by different elevation pointings of the tele-
scope. The pressure regulator ensures that the pressure to the heat exchangers in the camera
remains constant, regardless of camera elevation.

The chiller manifold also provides a parallel (shunt) coolant flow to supply chilled coolant to
a pair of heat exchangers located in the power supply cabinets located behind the SCT camera.
Separate pressure regulators are used to adjust the relative chilled coolant flow between the vari-
ous chilled coolant loops; pressure and temperature sensors are also located in the chilled coolant
manifold, allowing for measurement of the coolant pressure before and after the pressure regu-
lator, as well as the coolant temperature and temperature of the power supply cabinets. The
pressure and temperature sensors are read out by a ControlByWeb X-320 temperature/analog
logging controller, which provides a web interface for remote monitoring. The return coolant
manifold is also located on the tower mid-way between the primary and secondary struts, but on
a diagonally opposite strut.

The prototype SCT camera uses eight Pabst EBM 6314 fans coupled to a Super Radiator
Coils Model 38 ST WC heat exchanger to cool the camera. The heat exchanger is rated at
7000 BTU/h (2 kW), which is more than sufficient to cool the 25 camera modules, as each
module dissipates less than 20 W each when observing.

The camera power supplies, including the FEE power, the SiPM power, the fan power supply,
and the power supply for the camera alignment system (see Sec. 2.2), are physically located in
two independent, weather-tight power supply cabinets located ~1 m behind the back of the SCT
camera. The two sealed power supply cabinets each contain one 19-in. rack. The racks are used
to hold the rack-mounted power supplies, as well as other rack mounted equipment, such as a
managed ethernet switch for communications and control of various camera and telescope sub-
systems. Each power supply cabinet is cooled by the chilled coolant feed using a Lytron
6220G1SB heat exchanger and fanpack. Each Lytron 6220G1SB heat exchanger is capable
of handling 6832 BTU/h (2 kW) with 2 U.S. gallons per minute (7.5 Ipm) coolant flow at 1 psi
(6.9 kPa).

Because the camera is not fully populated at this time, a series of baffles is used to force air
through just the sector currently containing modules (see Fig. 8). The first baffle is a single, large
sheet and fits onto the front of the camera. It blocks the unused module holes in the front of the
camera while leaving the central sector open, so modules can be inserted. This keeps cooled air
from escaping out of the front of the camera. The other baffles are small rectangular pieces that
are inserted at a 45-deg angle into unused module slots. They are secured in a way similar to the

Fig. 8 Air baffle orientation diagram. Baffles are long, rectangular aluminum pieces that are
inserted into unused module slots at a 45-deg angle. The baffles are arranged in such a way that
air from the fans is directed through the modules in the camera. These baffles will be removed for
the camera upgrade to make room for the modules of the fully populated focal plane. The camera
upgrade will also include additional fans to cool the increased number of modules.
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Fig. 9 Two perspectives of an FPM. Each FPM is divided into four quadrants. Each quadrant is
composed of 16 image pixels and has a z position achieved by placing shims between the copper
post and the copper block on the bottom of the PCB for each quadrant. Yellow insulating foam
surrounds the copper post, which attaches the light sensors to a Peltier element. On the opposite
side of the Peltier element is a heat sink.

camera modules, with a screw through the back plate of the camera. The baffles are designed to
direct air from the fans through the inserted modules. Figure 8 shows the orientation of the
baffles currently being used in the camera.

The focal plane photon sensors and the module electronics are thermally isolated from one
another. This is achieved by inserting insulating foam between each FPM and its FEE. A thermo-
electric (Peltier) element transfers heat from the FPM connected to its cold side to a heat sink
connected to its hot side. This is shown in Fig. 9. The heat sink is cooled by the air flow of the
chilled coolant cooling system, alongside the module electronics. A Peltier controller will be
used to stabilize the temperature of the focal plane. Each module’s electronics are stable to within
1°C when using the chiller system (see Fig. 10). Using the Peltier controller, the focal plane
temperature stability was measured in the lab to be within 0.1°C, but the Peltier controller has
not yet been tested onsite. As a result, the in situ focal plane temperature stability is unknown.
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Fig. 10 Temperature versus time for a 2-h run taken onsite during the summer of 2018 (prior to
installation of the Peltier coolers and control). The ambient temperature over the course of the run
was 22.8°C to 23.9°C. The module temperature is recorded on the module’s FEE. The temper-
ature of each individual FEE is constant to within 1-deg over the full 2-h period. Typical data runs
last one hour, meaning that individual modules do not experience significant changes in temper-
ature within a single run. The spread of temperatures across modules is due to their physical
position in the camera and is consistent over time. In addition, each module has an independent
lookup table for temperature-dependent variables to account for the 4-deg spread between
modules.
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3 Modules

The camera is capable of housing 177 modules (see Fig. 2). Each module consists of the FEE,
which are housed inside an aluminum module cage, and an FPM, which mates to the FEE. The
modules are inserted into the front aluminum lattice until the focal plane module fiducial surface
is flush with the lattice. To fit the modules into the camera’s back aluminum plate, modules in the
same row have alternating orientations (they are rotated 180 deg from their neighbor), whereas
those in the same column have the same orientation.

3.1 FPM Design

The pSCT focal plane is made up of two types of photosensors. The locations of these photo-
sensors in the focal plane are shown in Fig. 11. Sixteen modules are equipped with Hamamatsu
photon detectors S12642-0404PA-50(X). One Hamamatsu tile is shown in Fig. 12. One tile
consists of 16 SiPMs in a square grid configuration, each with dimensions 3 x 3 mm?. One
FPM is equipped with 16 Hamamatsu tiles, and each tile corresponds to one trigger pixel.

Nine modules are equipped with third-generati