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The Schwarzschild-Couder Telescope (SCT) is a proposal for the Medium Size Telescopes of

the Cherenkov Telescope Array. Its concept is based on a two-mirror optical system designed

to improve the telescope field of view and image resolution with respect to the single mirror

Davies-Cotton solution. The SCT camera is planned to be instrumented with 177 photodetection

modules, each composed of 64 Silicon Photomultiplier (SiPM) pixels. The third generation of
6 x 6 mm? high density NUV SiPMs (NUV-HD3) produced by Fondazione Bruno Kessler (FBK)

in collaboration with INFN has been used to equip optical units to be integrated on the upgrade

of the camera of the SCT prototype (pSCT). Each optical unit is composed of an array of 16

NUV-HD3 SiPMs coupled with the front-end electronics, which is designed for full-waveform

nanosecond readout and digitization using the TARGET-7 ASIC. Several optical units have been

assembled and tested in the laboratories of INFN and have been integrated on the camera of the

pSCT telescope, that is currently operating at the Fred Lawrence Whipple Observatory. In this

contribution we report on the development, assembly and calibration of the optical units that are

currently taking data on the pSCT camera.
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1. The Schwarzschild-Couder Medium Size Telescope (SCT) proposal

Cherenkov Telescope Array (CTA) will be the largest ground-based gamma-ray observatory
for very high energy gamma rays. CTA will be installed in two sites, one in the northern hemisphere
(La Palma in Spain) and one in the southern hemisphere (Atacama desert in Chile). It will be
equipped with more than 100 telescopes in three different configurations: Large, Medium and
Small-Sized Telescopes (LST, MST and SST) and it will be fully operational by 2025. A novel
design of a Schwarzschild-Couder dual mirror optics for the MST telescopes has been proposed [1]
for the CTA baseline array. The dual mirror solution improves the image resolution with respect
to the single mirror Davies-Cotton (DC) implementation, and the more focused optics allows to
equip the camera with a dense array of Silicon Photomultipliers (SiPMs) as image pixels. An
MST-SCT array ultimately results in an improved angular resolution and off-axis sensitivity for the
CTA array when compared with a conventional MST-DC array. A pathfinder prototype telescope
based on this design, the pSCT telescope, has been successfully constructed at the Fred Lawrence
Whipple Observatory (its inauguration was on 17th January 2019) [2]. The operations of SCT
prototype (pSCT) are providing important information to develop and establish the procedures for
the optical alignment [3] and for the calibration of the SiPM camera [4] to confirm the possibility
of an extended SCT array for CTA.
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Figure 1: Left: The pSCT telescope fully integrated in the Fred Lawrence Whipple Observatory. Right:
Scheme of the pSCT camera.

1.1 The pSCT telescope camera

The improved point spread function (PSF) of the SCT telescope allows the sky image over
a field of view of approximately 8 degrees to be focused over a compact camera equipped with
SiPMs. The pSCT camera has a width of 81 cm over an area of 0.43m? equipped with 11328
SiPMs, each representing an image pixel corresponding to a 0.067 degree in the sky. The entire
focal plane camera is arranged in 9 sub-fields each with up to 25 optical modules, for a total of
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177 optical modules; 4 of the 9 sub-field are partially filled to produce the circular shape required
for the imaging. Each module is composed of 4 basic optical units with 16 pixels each. Fig.1
shows, on the right, a conceptual scheme of the camera. The pSCT camera readout concept is
based on a TARGET-7 ASIC front-end electronics. The TARGET-7 ASIC handles the first level
trigger - based on the signal of 4 adjacent sensors - and digitization for 16 channels, sampling
the analog signal at 1GS/s with a switched capacitor array of 16384 units for a maximum buffer
depth of ~ 16us. The backplane of the camera handles and manages the data acquisition for
separate camera sectors. The pSCT camera is currently equipped with 16 optical modules based
on Hamamatsu S12642 MPPCs. In order to investigate a possible upgrade of the pSCT camera [5],
the remaining 9 modules of the same sector have been instead equipped with the third generation of
Near Ultra Violet High Density SiPMs (NUV-HD?3) produced by Fondazione Bruno Kessler (FBK)
in collaboration with Istituto Nazionale di Fisica Nucleare (INFN) (See Fig.2). In this contribution
we describe the performances of FBK NUV-HD3 SiPMs, their integration and calibration on the
pSCT camera to establish the possibility to equip the full pSCT camera with upgraded electronics
and sensors based on this technology.

Figure 2: batch of optical units based on NUV-HD3 SiPMs ready for the integration on the pSCT camera

2. Performances of FBK NUV-HD3 Silicon Photomultipliers

NUV-HD3 SiPMs have been developed by FBK in collaboration with INFN for optimized
applications in CTA telescopes. They are based on the FBK Low-CT SiPM design, described in
details in [6], optmizing their sensitivity for the detection of Cherenkov light while minimizing the
amount of optical crosstalk to improve the telescope effective area at low energies. Several pro-
ductions of NUV-HD SiPMs have been tested in the laboratories of INFN, and the third production
has been selected for integration in the pSCT camera.

The active area of NUV-HD3 SiPMs amounts to 6 x 6 mm?, with a microcell area of 40 x 40 /.Lmz.
They feature a breakdown voltage of approximately 27V at room temperature with a temperature
gradient of ~ 30mV /°C, a Photo Detection Efficiency (PDE) peak of ~ 50% at 350nm dropping
below 20% above 500nm and a single photon dark count rate below 150kHz/mm? at 20°C. The
details of the laboratory measurements and procedures are discussed in details elsewhere [7]. An
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example of the results of the characterization of the SiPMs PDE and signal amplitude are shown in
Fig.3.
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Figure 3: Left: Wavelength dependence of the PDE (maximum about 350nm) for different type and dimen-
sions (in mm) of NUV-HD3 . Right: Distribution of the signal amplitude (for a single SiPM) in standard
condition (T= 20°C; OV = 5.5V)

3. Assembly and characterization of SiPM arrays for pSCT

While single sensors are provided by the vendor, the procedures for the assembly and packag-
ing of the optical modules have been completely developed by INFN.
Each 64 SiPM module covers an area of 54 x 54mm? and is divided in 4 optical units each com-
posed of 16 pixels. INFN has designed custom 27 x 27 mm? area PCBs with 0.5 mm sensor-sensor
distance to obtain uniform pixel coverage of the modules and of the camera, and compatible with
the pSCT camera design. A dedicated assembly procedure has been developed by INFN to inte-
grate the sensors on the photodetection units [8].
After assembly, the quality of the SiPM sensors on each module has been tested via the measure-
ment of the characteristic voltage-current (IV) curve, that measures the current drain of the sensor
as function of the inverse bias voltage. The value of V,, for each SiPM is estimated with a fit on the
derivative of the logarithm of the current I(V) with a function of the bias voltage as shown in Eq.

3.1
dlog(I(V)) 2

oV V=V

An example of IV curves for 16 sensors of a module and of the procedure to measure the breakdown

3.

voltage value is shown in Figure 4.

The procedure has been repeated for the optical units intended to be integrated on the pSCT
telescope. The distributions of the measured breakdown voltage for 800 NUV-HD3 SiPM channels
is shown in Figure 5. Out of 50 units, 36 have been chosen to equip the pSCT telescope camera. The
distribution for their breakdown voltages is represented by the grey histogram. Depending on the
silicon tape of implantation, the average values of the breakdown voltage differ by approximately
200mV . After the assembly, the performances of all the modules have been tested with a dedicated
electronics setup [9]. The 16 SiPMs of each module have been illuminated with a 380nm pulsed
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Figure 4: Left: Voltage-current (IV) curves for the 16 channels in an optical unit. Right: fit to the derivative
of the logarithm of the current for one channel for the estimation of the breakdown voltage Vj,.
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Figure 5: Distribution of the breakdown voltage value of the entire batch of 800. The red and blue distribu-
tions represent the composition of the SiPM substrates.

laser. The charge signal of the 16 sensors has been acquired using a CAEN V792 QDC over a
fixed integration time of 50ns. The output signal of each SiPM has been consequently amplified
using a custom 16-channel front end board to match the dynamic range of the QDC. The S/N ratio,
dark count rate and gain (Fig. 6) are tested and, according to the results and the V}, estimation, the
optical units are selected to equip the camera of the SCT prototype (pSCT). This kind of test are
performed in the INFN laboratories of Bari. The optical units are clustered in groups of 4 and then
coupled with the TARGET-7 ASIC readout and trigger modules. This electronics was developed
to allow the sampling and waveform digitization of 16 independent channels (for a signal time of
16us) at 1 GSample/s. Moreover the TARGET-7 ASIC can perform a first-level trigger decision
based on the signal of 4 adjacent pixels. The operation of the TARGET-7 internal trigger has been
verified by varying the intensity of the light for a fixed trigger threshold (amplitude scans) and by
varying the trigger threshold for a fixed light intensity (threshold scans) [10]. Pedestal calibration,
waveform acquisition and the trigger efficiency tests were performed in Bari and Pisa.

4. Installation on the camera

The optical units (clustered by four) have been aligned to be integrated with the camera us-
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Figure 6: Gain and DCR performances (as function of the overvoltage applied to the sensor) of the optical
units. Each point represent the mean value and the std. deviation of the distribution of all tested modules

ing a reference frame with a tolerance of 0.02mm and specials copper elements. This approach
allows the curvature of the camera sectors to be set and improve part of the aberration correction.
These procedures have been performed at the Georgia Institute of Technology (Atlanta, USA). The
aligned units (coupled with the TARGET-7 modules) have been integrated on the pSCT telescope
camera frame at University of Wisconsin (Madison, USA) or directly on site at Fred Lawrence
Whipple Observatory (AZ, USA). A total of 150 optical units (prototypes included) have been as-
sembled and tested in the INFN laboratories and, as discussed before, 50 of them have the right
level of performances for the integration on the telescope camera; 36 of them have been selected
to build 9 complete modules for SCT, for a total of 576 SiPMs. The units have been already in-
stalled in the pSCT camera together with 16 modules equipped with the main technology based on
Hamamatsu MPPCs. The purpose is to test the performances of FBK NUV-HD3 SiPM in standard
telescope operations to verify the opportunity to equip a fraction of the SCT telescopes for CTA
with this kind of sensors. In January 2019, the pSCT prototype was successfully inaugurated in
Fred Lawrence Whipple Observatory (USA) and in the 23rd of January 2019 first lights were be
detected. Now the pSCT prototype is currently taking data for commissioning and calibration of
the camera (Fig. 7).
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Figure 7: Examples of first lights detected on 23rd of January 2019
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5. Major prospect

In 2019, one additional sector of the camera (25 modules, 1600 SiPMs) is planned to be
integrated with FBK NUV-HD3 SiPMs. An additional technological advance for this modules is
represented by the development of new ASIC boards based on the TARGET design. The new
concept separates the sampling and digitization on a TARGET C chip and the trigger functions on
the companion TSTEA ASIC to reduce the trigger noise [11]. An additional preamplifier ASIC
(the SMART chip) is intended to further decouple the analog preamplification from the digitization
process. This board is currently being prototyped for the pSCT by INFN. The new Front End
Electronics (FEE) design is planned to be integrated with the pSCT backplanes together with the
complete integration of the 177 optical modules of the pSCT camera in the near future.
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