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The Cherenkov Telescope Array (CTA) is the next-generation ground-based observatory for very-
high-energy gamma-ray astronomy. An innovative 9.7 m aperture, dual-mirror Schwarzschild-
Couder Telescope (SCT) design is a candidate design for CTA Medium-Sized Telescopes. A
prototype SCT (pSCT) has been constructed at the Fred Lawrence Whipple Observatory in
Arizona, USA. Its camera is currently partially instrumented with 1600 pixels covering a field of
view of 2.7 degrees square. The small plate scale of the optical system allows densely packed
silicon photomultipliers to be used, which combined with high-density trigger and waveform
readout electronics enable the high-resolution camera. The camera’s electronics are capable of
imaging air shower development at a rate of one billion samples per second. We describe the
commissioning and performance of the pSCT camera, including trigger and waveform readout
performance, calibration, and absolute GPS time stamping. We also present the upgrade to the
camera, which is currently underway. The upgrade will fully populate the focal plane, increasing
the field of view to 8 degree diameter, and lower the front-end electronics noise, enabling a lower
trigger threshold and improved reconstruction and background rejection.
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Figure 1: The full pSCT camera is comprised of 177 modules divided into 9 sectors. Each sector can hold
up to 25 modules with the sectors in each corner containing fewer modules such that the final focal plane will
be roughly circular. Each module contains 64 image pixels with the full camera containing 11,328 pixels.
Currently, only the center sector is instrumented. 24 modules are installed, with the central module not yet
installed to accommodate optical alignment hardware.

1. Introduction

Earth’s atmosphere is opaque to very-high-energy (VHE) photons, however these photons
initiate air showers upon hitting the atmosphere. The shower constituents move faster than the
speed of light in the atmosphere, resulting in Cherenkov radiation which can be detected at the
ground by Imaging atmospheric Cherenkov Telescopes (IACTs). The Cherenkov Telescope Array
(CTA) is an IACT array with one site in each hemisphere. CTAwill feature three telescope sizes and
cover energies between 20 GeV and 300 TeV [1]. Most IACTs use Davies-Cotton (single-mirror)
optics. However, the prototype Schwarzschild-Couder Telescope (pSCT), a candidate for the CTA
Medium Sized Telescope, will use dual-mirror optics. The Schwarzschild-Couder optics produce
a wide field of view, an excellent optical point spread function, and a smaller plate scale when
compared to single-mirror designs [2, 3].

This small plate scale allows the use of silicon photomultipliers (SiPMs) in place of traditional
photomultiplier tubes. SiPMs are smaller than traditional PMTs enabling improved image resolu-
tion. The current pSCT is instrumented with 25 modules (1600 pixels) and has a 2.7◦ field of view.
An upgrade to the pSCT is underway which is expected to be complete by the end of 2022. The
upgrade will include improvements to the camera consisting of an update of the camera module
front-end electronics (FEE), the camera backend electronics, and the module SiPMs as well as fully
populating the focal plane (increasing the number of pixels to 11,328 and the field of view to 8◦

diameter.
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Figure 2: Circuit diagram for one trigger pixel. [6] In TARGET7, four (2x2) image pixels are amplified
individually via two inverting amplifiers (with Vofs1 and Vofs2 as reference) and then summed with an
inverting summing amplifier (with PMTref4 as reference) to produce the signal for one trigger pixel. The
output of the summing inverting amplifier (Node C) originally had a desired set-point of 1.25 V at baseline.
This desired set-point is achieved by tuning the reference values Vofs1, Vofs2, and PMTref4 such that Node
C reaches this value for a baseline signal. This desired set-point was changed to 2.1 V resulting in a greater
dynamic range for our expected signal (downgoing at Node C). Note that due to inversion of the signal along
the amplifier chain, a higher Thresh value corresponds to a lower physical threshold.

2. Commissioning and Performance

Commissioning of the pSCT camera is an ongoing process and in the last two years, significant
improvements have beenmade in the quality of pSCT data taking. Among these are validation of the
trigger path mapping, increasing the trigger path dynamic range, and the inclusion of all modules
in the trigger. Concurrent with commissioning work, initial observations of the Crab Nebula were
made. The observation and detection of the Crab Nebula by the pSCT are described in detail in
[4, 5].

2.1 Validation of the Trigger Path

The pSCT trigger system contains two trigger levels: module triggers and backplane triggers
(when integrated into an array a third telescope trigger will also be included). The module level
trigger system (Figure 2) monitors groups of four (2x2) image pixels (called a trigger pixel) for
a threshold (Thresh) crossing of their analog sum. If this value is crossed for any trigger pixel a
module trigger is sent to the backplane. The backplane then collects these module trigger signals
from each of the camera modules. The FEE programmable pulse width (currently set to ∼10 ns)
determines the coincidence resolving time of the pattern trigger. A module trigger overlap of
approximately 1.5 ns is sufficient to generate a coincidence.

The backplane then forms backplane level triggers via a single trigger FPGA to form coinci-
dences from the 400 module trigger inputs (16 module trigger inputs for each of the 25 modules).
When three adjacent trigger pixels produce a module trigger at the same time, a backplane trigger
is produced, prompting the camera to read out the event. A pixel is considered adjacent if it is
orthogonal-adjacent or diagonal-adjacent (i.e. a pixel can have up to eight adjacent pixels). A
timestamp along with a hit map (a binary image of module triggers) is attached to the backplane
trigger.
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(a) Design of the physical mask. Each module is repre-
sented by a group of 64 (8x8) image pixels (dots). Red
empty circles highlight the image pixels used to align the
mask using the data path image. Yellow filled circles are the
trigger pixels used for checking the trigger pattern. Only
one group of trigger pixels is capable of satisfying the three-
fold coincidence required to produce a backplane trigger.

(b) Realization of the physical mask used to cover the focal
plane. Constructed from Cardboard and illuminated from
behind. Each dot is the center of a 6x6 mm2 image pixel;
4 image pixels make up a trigger pixel. The corner slits are
used for visual alignment, while the single-pixel openings
in each corner aid with alignment using the data path. Ten
trigger pixels were chosen to remain uncovered.

(c) Data-path image taken with camera mask installed on
the camera. The color scale is proportional to the signal
amplitude in each pixel. Unmasked pixels are clearly visible
in yellow/green and the reference pixels in each corner are
well aligned. All pixels visible in the data path are also
visible in the trigger hit map in Figure 3d.

(d) A binary image of module triggers (hit map). A yel-
low square indicates the pixel has triggered while a white
square indicates that it has not. The hit map was read out
concurrently with the event image in Figure 3c. Only the
cluster of three trigger pixels on the left side passes the
3-fold coincidence logic and produces a backplane trigger.

Figure 3: An asymmetric cardboard mask was constructed and attached to the camera focal plane. The
mask was designed such that there was only one grouping of pixels capable of producing a camera trigger
(which uses three-fold-coincidence). A moderate intensity flasher was used to illuminate the camera through
the mask. Event images from the data path and hit maps from the trigger path both match the mask pattern.
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Figure 4: Two rate scans, comparing Thresh value to the trigger rate, each with all modules included in the
trigger and a flasher running at 10 Hz at constant intensity. The baseline value of the output of the summing
inverting amplifier (Node C) shown in Figure 2 has been changed from 1.25 V to 2.1 V in order to improve
the dynamic range of our expected signal. The upper (blue) rate scan was taken with the previous value
of 1.25 V. The lower (red) rate scan was taken with a new value of 2.1 V. The new configuration shows a
significant improvement in the dynamic range.

In order to validate this trigger system, a physical mask was constructed out of cardboard
and affixed to the camera focal plane. The mask was aligned visually with the focal plane using
three slits at the corners of the focal plane. Four small holes were placed at each corner for data-
path alignment. The mask was designed such that ten trigger pixels would be illuminated in an
asymmetric pattern so that any mapping irregularities would be easy to spot. It was also designed
such that only one grouping of trigger pixels would produce a backplane trigger. This grouping
contained trigger pixels from three different modules in order to ensure that cross-module triggering
was effective.

The camera was then illuminated by an LED flasher mounted on the secondary mirror (running
at 10 Hz) and allowed to trigger using the usual three-fold coincidence. hit maps were read out
concurrently. Data path images and hit maps were then compared to the mask pattern. Figure
3 shows a single example. The comparison showes that the data path mapping and trigger path
mapping are consistent both with each other and the physical layout of the camera.

2.2 Improving Dynamic Range

Modules contain 64 image pixels. In the trigger path these image pixels are grouped into trigger
pixels before trigger logic is applied. A trigger pixel is comprised of the analog sum of four image
pixels. The individual signals are combined using a summing amplifier with the value PMTref4
used as reference (see Figure 2). Nominally, the output of the summing amplifier (Node C) can
vary between 0–2.5 V. However, the range of linearity is 0.4–2.1 V. The output of this amplifier
is fed into a comparator where the signal is compared with the Thresh value to determine if there
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is a trigger. Due to inversions along the amplifier chain a high Thresh value corresponds to a low
physical threshold.

Originally, the Node Cwas selected to be 1.25 V at baseline, the midpoint of the possible range.
This desired output was achieved by tuning the reference values Vofs1, Vofs2, and PMTref4 for a
baseline input. Using the midpoint value meant that both positive and negative signals had the same
dynamic range. However, pulses coming into the inverting summing amplifier are unidirectional,
meaning half of this dynamic range was not being used. For this reason we decided to raise the
baseline value of Node C to 2.1 V as that was the highest value at which the summing amplifier
maintained linearity. This change effectively extended the trigger dynamic range for our expected
signal. Two rate scans (comparing trigger rate vs Thresh value) were taken in order to illustrate this
effect. Both rate scans were taken with the flasher running at 100 Hz. One was taken with the old
settings but with all modules in the trigger (when typically only USmodules would be included - See
section 2.3) and one with the new settings. Figure 4 shows these rate scans. Prior to the adjustment
the camera exhibited a very narrow trigger dynamic range, quickly entering the baseline noise. The
new setting improved the dynamic range significantly, clearly showing the flasher plateau.

2.3 Including All Modules in the Trigger

Currently the camera includes two types of SiPMs. Fifteen of themodules (US) useHamamatsu
SiPMs (model S12642-0404PA-50(X)) while the remaining nine (INFN) use FBKNUV-HDSiPMs.
[7] INFN modules have approximately twice the gain of US modules, due to a two-times larger
FEE electronics gain combined with different SiPM gains. Because of this the conversion between
Thresh value and photoelectrons for both modules is different. This difference in threshold meant
that for the same Thresh value INFN modules would dominate the trigger. This fact combined with
the geometry of the camera, which houses INFN modules on the edge of the focal plane, meant
that it was beneficial to exclude INFN modules from the trigger during Crab observations. In an
effort to update the trigger the Thresh to photoelectron conversion was found for both US and INFN
modules with the intention of selecting two Thresh values (one for US and one for INFN modules)
which corresponded to the same photoelectron threshold. However, there is no threshold at which
both US and INFN modules can be included in the trigger. Rather than continue to leave the INFN
modules out of the trigger completely, it was decided that they would be included at a thresh value
which keeps them subdominant to the US modules (approximately one tenth the trigger rate). The
INFN modules were included in the trigger starting March 17, 2021.

2.4 Temperature Dependent Trigger Tuning

At the module level, the trigger path consists of two inverting amplifiers and an inverting
summing amplifier (Figure 2). Node C is desired to be 2.1 V when the baseline of the signal is at
its nominal value (see Section 2.2). This output depends on the values Vofs1, Vofs2, and PMTref4,
which are the reference values for the two inverting amplifiers and the inverting summing amplifier,
respectively. Due to slight differences in component values between circuits, these values must be
tuned to reach the desired output. Originally, this tuning was completed once for each module in
the camera in the lab and the resulting reference values were used for all data taking.

It was discovered that temperature had a significant impact on these reference values resulting
in an apparent increase in noise as the temperature of the modules decreased. This effect has been
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(a) Charge spectrum of existing modules using Hamamatsu
SiPMs and TARGET 7 electronics. An LED flasher was
used to illuminate the entiremodule at once. A synchronous
hardware trigger was used to trigger the module. [8]

(b) Charge spectrum produced from upgraded modules us-
ing FBK SiPMs and TARGETC electronics. Using a syn-
chronous hardware trigger, a laser source combined with a
moving stage was used to illuminate one pixel at a time.

Figure 5: The upgraded modules have lower electronic noise and therefore show a significant improvement
in the charge spectrum resolution.

mitigated by implementing temperature-dependent trigger tuning (with a precision of 0.25◦ C).
Each module FEE has four temperature sensors and the temperature of the modules is determined
by averaging these four temperature readings. Each module is tuned at a variety of temperatures
and the resulting reference values are stored in a database.

During observations a five minute temperature equilibration time occurs prior to each data
taking run. At the end of this time the temperature of each module is determined. From this
temperature the correct reference values are found using the temperature dependent database and
used during subsequent data taking.

3. Camera Upgrade

The camera upgrade will include an upgrade to both the SiPMs and front-end electronics. At
present the camera uses a mixture of FBK NUV-HD and Hamamatsu SiPMs. After the upgrade the
entire camera will use newer FBK NUV-HD SiPMs. These SiPMs will have improved photon de-
tection efficiency, lower temperature dependence, and lower breakdown voltage than those modules
currently used in the camera. The new FEE modules will incorporate next-generation TARGET
C ASICs for digitization and sampling as well as a separate TARGET 5 Trigger Extension ASIC
(T5TEA) for triggering. Figure 5 shows the charge distribution of the current and upgraded camera
modules, illustrating a significant decrease in electronic noise. To connect the SiPMs to the FEE,
a new custom ASIC called the SMART chip has been developed. The SMART chip will allow
for improved SiPM bias voltage control as well as individual current measurements. It will also
provide shaping and amplification of the analog signals. In addition to these upgrades the number
of modules will also be increased from 25 to 177 in order to fully populate the focal plane. This
will increase in the field of view from 2.7◦ square to 8.0◦ diameter.

In order to accommodate a fully populated focal plane the backplane PCB will also be re-
designed. The current backplane was designed to accommodate 32 modules. The upgraded design
will accommodate up to 25 modules and a total of nine backplanes will be installed in the camera
(one for each sector). See Figure 1. DACQ boards will be mounted on top of their associated back-
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plane. The heat management system will also be expanded in order to accommodate the increased
number of modules in the camera. Additionally, the LED flashers will be upgraded, allowing for
synchronous triggering with the backplanes and improved performance. [9]

The final SCT will include a Distributed Intelligent Array Trigger (DIAT) board which will
provide GPS time-tagging as well as a synchronized 62.5 MHz clock to both backplanes and FEEs.
[10] In addition to a DIAT board the pSCT upgrade will include the installation of a stand-alone
time-tagging system. This system is divided into two modules: A laser-diode module located
in the camera and a photo-detector/GPS module located near the camera server. A fiber optic
communications cable will connect the two modules. Fast pulses (up to 5 kHz from camera
backplane triggers) will be generated by a laser diode and then fed to a discriminator where a logic
pulse is generated. A GPS time-stamp will then be attached to each pulse using custom-developed
software/firmware. The systemwill provide stable timestamps for camera triggers to aGPS accuracy
of 5 ns or better.

The pSCT camera upgrade has twomain objectives: maximizing the camera’s field of view, and
upgrading the underlying electronics, enabling a lower trigger threshold and improved reconstruction
and background rejection. The camera is scheduled to be upgraded by December of 2022.
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