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A B S T R A C T

Near UltraViolet High Density (NUV-HD) SiPMs produced by Fondazione Bruno Kessler in collaboration with
INFN have been tested and characterized in INFN laboratories. The third generation of these devices (HD3) has
proven to be suitable to equip the focal plane of the prototype Schwarzschild–Couder Medium Size Telescope
(pSCT) proposed for the Cherenkov Telescope Array Observatory. Photosensors have been assembled in 4
16-pixel optical units coupled with TARGET–7 ASIC front-end electronics for amplification and digitization
of the signal. At present, 9 modules have been successfully integrated on the pSCT camera and are currently
taking data. In this contribution we report on the performances of the HD3 technology as single sensor and
as assembled optical units, showing their performance and homogeneity in terms of gain and dark count rate.
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Fig. 1. Schematic of camera focal plane configuration, divided into 9 sectors back-
planes. Fully loaded subfields include 25 modules of 64 pixels divided in 4 matrices
of 16 SiPMs. Groups of 4 pixels compose one trigger pixel [3].

1. Introduction

Cherenkov Telescope Array (CTA) will be the largest ground-based
gamma-ray observatory for very high energy gamma rays [1]. In order
to provide full-sky coverage, CTA telescopes will be installed in two
sites, one in the northern hemisphere (La Palma, Canary Island (s) and
one in the southern hemisphere (Atacama desert, Chile). CTA will be
equipped with ∼100 telescopes in three different size configurations:
Large, Medium and Small-Sized Telescopes (LST, MST and SST).

The Schwarzschild–Couder Telescope (SCT) is a possible dual-mirror
solution for the Medium Size Telescope. A prototype SCT (pSCT)
was installed at the Fred Lawrence Whipple Observatory (FLWO)2 in
rizona, USA, and has been inaugurated in January 2019. The pSCT
s demonstrating the technical feasibility of the new design and it
s providing important information on the procedures for the optical
lignment and for the camera operation and calibration. The usage of
double mirror optical system will provide compensation of optical
berrations, along with an improvement of the angular resolution and
ackground rejection and wider Field of View (FoV) than the single
irror Davies–Cotton optical system [2].

. The Schwarzschild–Couder Telescope camera

The two segmented mirrors are 9.7 and 5.4 m wide in diameter.
he SCT camera, positioned in the focal plane of the secondary mirror,
as a width of 0.81 m and covers a field of view of 8◦, which is the
ame covered by the DC-MST with its 2.5 m camera. The compactness
f the SCT camera is a consequence of the demagnifying optics; an
dvantage of the smaller camera is the possibility to equip it with
ilicon photomultipliers (SiPMs), in place of the photomultipliers tubes
PMTs), which are typically adopted in Imaging Air Cherenkov Tele-
copes. SiPMs have several advantages compared to PMTs, such as an
mproved mechanical and electrical robustness. The SCT camera will
e composed of 11,328 SiPMs organized in 177 modules, divided in 9
ub-fields each hosting up to 25 modules, as shown in the schematic
eported in Fig. 1.
A single photodetection module consists of two parts: the focal

lane modules (FPM), which hosts 64 SiPMs pixels arranged in four
atrices of 16 SiPMs of 6 × 6 mm2 size, and the front-end electronics
FEE) composed of two boards, hosting 4 TARGET–7 ASIC (TeV Array
eadout with GSa/s sampling and Event Trigger) each one providing
igitization of the analogue signal and the first level trigger, as shown
n Fig. 2.
Each ASIC is a 16 parallel input channels digitizer chip whose

ompact design has been optimized to match the high density pixel

2 https://www.cfa.harvard.edu/flwo
2

Fig. 2. Schematic of the pSCT camera module divided into an FPM (front) and a FEE
(rear) parts. Between the two, the peltier cooling is visible through the opening of
the metal cage. Inside the casing, the FEE module is divided into an Auxiliary and a
Primary board [4].

camera of CTA telescopes [5,6]. The TARGET–7 is based on an ana-
logue sampling memories technology which consists in a ring buffer
of switched capacitors used in turn to record the signal waveform at a
given sampling rate (1 GSample/second); it has an analogue ring buffer
of 214 = 16,384 capacitors for a sampling depth of about 16 μs, which
llows the sampled waveform to be stored waiting for the trigger to
e generated using the synchronized information from other telescopes
f the array. By using SiPMs coupled with the TARGET–7 electronics a
ide dynamic range is achieved, up to several hundred of photons.
The prototype of the Schwarzschild–Couder Telescope is now

quipped with 25 64-pixel photodetection modules. To define the
echnology of the camera, sixteen of these modules are based on Hama-
atsu S12642 MPPCs Silicon Photomultiplier (SiPM) sensors, produced
nd assembled in the USA. The remaining 9 have been equipped with
he third generation of Near UltraViolet High Density (NUV-HD3)
iPMs produced by Fondazione Bruno Kessler (FBK), optimized for
he Near UltraViolet light detection, which have been studied and
ssembled into matrices in Italy by the Istituto Nazionale di Fisica
ucleare (INFN).
In the following sections a complete characterization of these de-

ices will be described, which was performed in INFN laboratories.

. FBK NUV-HD3 SiPM characterization

A Research and Development process in collaboration between
NFN and FBK led to the development of a Low Cross-Talk SiPM ver-
ion, NUV-HD3 SiPM [7]. NUV-HD3 1 × 1 mm2 and 6 × 6 mm2 devices
ith a microcell area of 40 × 40 μm2 were studied with dedicated
lectronics before the assembly of the matrices for the pSCT camera.
First, the characteristic voltage–current (IV) curves of single SiPMs

ere acquired in order to evaluate the breakdown voltage of the de-
ices [8]; the value of the breakdown is estimated with a fit procedure
n the derivative of the logarithm of the current 𝐼 = 𝐼(𝑉 ) with the
ollowing Equation:
𝜕 log(𝐼(𝑉 ))

𝜕𝑉
= 2

𝑉 − 𝑉𝑏
(1)

At room temperature, we obtained the value 𝑉𝑏𝑑 = 25.88 ± 0.01 V for
the 1 × 1 mm2 SiPM and the value 25.55 ± 0.01 V for the 6 × 6 mm2

device.
Then the SiPMs were characterized by acquiring waveforms in

light and dark conditions, with temperature ranging between −20 ◦C
and 30 ◦C and applied over-voltage (OV) ranging between ∼2 V and
∼13 V. We illuminated each sensor with a picosecond laser emitting at
380 nm operating in pulse mode and controlled by a Pulse Diode Laser
Driver (PDL 800-B, PicoQuant). The read-out electronics used for the
characterization described in this section consists of a trans-impedance
preamplifier followed by a gain stage.

An example of waveforms acquired in light conditions is reported
in Fig. 3 for the 1 × 1 mm2 SiPM at 20 ◦C and 5.5 V of OV.

The acquired waveforms were integrated up to 300 ns to evaluate
the collected charge spectrum, shown in Fig. 4: the spectrum of the

https://www.cfa.harvard.edu/flwo
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Fig. 3. Waveforms acquired for FBK NUV-HD3 1 × 1 mm2 SiPM at OV = 5.5 V and

= 20 ◦C.

Fig. 4. Integrated charge distribution of the signal of FBK NUV-HD3 1 × 1 mm2 SiPM
shown in 3. A multi-gaussian fit is shown superimposed on data. The area of the peaks
is distributed according to Poisson statistics.

signal follows a Poissonian distribution and presents itself in resolved
peaks equally spaced, each one representing the number of photons
detected.

The obtained spectrum was then fitted with a multigaussian func-
tion, whose parameters were extracted to evaluate the gain at fixed
over-voltage.

Waveforms acquired in dark conditions over a wide time window
(1 μs) allowed for an estimation of the Dark Count Rate (DCR) by
setting an adjustable threshold and counting dark signals occurring in
the acquired time window.

The trend of gain and DCR as a function of the OV for 1 × 1 mm2

SiPMs are reported in Fig. 5, one curve for each of the temperatures
tested. Both gain and DCR curves were fitted with a linear function. As
can been seen from the plots, gain versus OV shows a uniform behavior
with temperature, ranging from 𝐺 = (6.0±0.2)⋅105 to 𝐺 = (6.1±0.2)⋅105
per over-voltage unit, with a slight increase in the value with lower
temperature, as expected. On the other hand, an increasing trend with
the temperature can been seen in the DCR plot, as one would expect
given the nature of the device.

A comparison between 1 × 1 mm2 and 6 × 6 mm2 SiPMs perfor-
mance in terms of gain per OV unit is shown in Fig. 6. The overall
3

Fig. 5. Gain per photo-electron and DCR evaluated for 1 × 1 mm2 SiPM as a function
of the OV applied. Each curve represents data acquired at a fixed temperature.

Fig. 6. Comparison between gain of 1 × 1 mm2 and 6 × 6 mm2 at a T = −10 ◦C.

gain per over-voltage unit results are consistent in the two devices
tested, with a slightly higher value for the larger device: a value 𝐺 =
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d

𝐷

Fig. 7. Breakdown voltages distribution of all the 800 pixels assembled in matrices
(white histogram), and of the 576 pixels installed on the pSCT camera (gray histogram).
(For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

(6.1 ± 0.1) ⋅ 105 was found for the 1 × 1 mm2 device, while 6 × 6 mm2

has 𝐺 = (6.4 ± 0.2) ⋅ 105.

4. Upgrade of the photodetection modules of the pSCT camera

During October 2018 a batch of 50 FBK NUV-HD3 SiPM matrices
were assembled and electrically characterized at INFN laboratories
before the final installation of 36 of them on the pSCT camera, which
took place in December 2018. All measurements reported in this section
have been carried out at room temperature, T = 25 ◦C.

The 27 × 27 mm2 area printed circuit boards (PCBs) with 0.5 mm
distance between sensors were equipped with 16 6 × 6 mm2 FBK NUV-
HD3 SiPMs. Details on the alignment procedure of the sensors are given
in [9].

IV curves were acquired to evaluate the breakdown voltage 𝑉𝐵𝐷 for

each pixel with the fit on the derivative of the logarithm of the current;

4

the overall distribution of the measured breakdown voltages is shown
in Fig. 7.

The histogram shows data relative to all the matrices tested (white);
data relative to the 36 matrices installed on the pSCT camera are
highlighted in gray. A good uniformity can be seen in SiPMs coming
from the same Si wafers. The red and blue curves represent the gaussian
fit on the distributions of SiPMs installed on the pSCT camera. Data
were fitted separately for SiPM coming from different silicon wafer. The
spread of the breakdown voltages amounts approximately to 45 mV for
32 modules and to 50 mV for the remaining 4.

After the assembly, tests were conducted with an ad-hoc 16-channel
front-end electronics to amplify and shape the input signal to match
the dynamic range of a CAEN V792 QDC, used to acquire the charge
signal of the 16 channels simultaneously over a fixed integration time of
50 ns; see [10] for further details on the development of the front-end
electronics.

The uniformity in terms of gain and DCR was verified in order to
choose the 36 matrices to equip the camera. Each matrix was tested at
different bias voltage 𝑉𝐵𝐼𝐴𝑆 ranging from 31 V to 36 V, with a 380 nm
Pulse Diode Laser switched on and off in turn. An example of a fitted
charge distribution at 33 V for 4 neighboring pixels from one matrix is
reported in Fig. 8. A multi-gaussian fit is shown superimposed on the
data. Although well-resolved, the spectrum here shows a clear decrease
in the signal-to-noise ratio with respect to the one reported in Fig. 4.
This is expected given the larger size of SiPMs composing the matrices
and a higher intrinsic noise of the front-end electronics.

Parameters from the multi-gaussian fit were collected to estimate
the integrated charge gain per photo-electron (p.e.) at different over-
voltages OV, while data taken under dark conditions were analyzed to
evaluate the DCR for each pixel at different OV values. Since it was not
possible to acquire single-pixel’s waveforms as we did in Section 3, the
ark count rate was obtained adopting the following formula:

𝐶𝑅 =
𝑁𝑡𝑜𝑡 −𝑁0
𝑁𝑡𝑜𝑡 ⋅ 𝛥𝑡

, (2)

where 𝑁𝑡𝑜𝑡 is the total number of events acquired, 𝑁0 is the number of
event corresponding to the absence of pulses and 𝛥𝑡 is the integration
time.

The distributions obtained from these values allowed the study of
the average performances of the matrices. Plots in Fig. 9 represent the
values of gain in ADC units and DCR as a function of the over-voltage
Fig. 8. Charge distribution of the signals of 4 neighboring channels one matrix, biased at 33 V. The integration time is 50 ns. The red line superimposed on data is a multigaussian
fit. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 9. Trend of gain/p.e. (top) and DCR (bottom) for one of the matrices tested. Each
curve represents a pixel in the matrix.

for each of the 16 channels in one matrix. The value of the DCR found
for SiPM in matrix configuration is compatible with the value reported
in Fig. 5(b) for SiPM in single device configuration. The differences
re likely to be due to different conditions, such as the temperature
t which the measures were carried out.
A linear fit was performed on each curve to obtain the gain and

CR per over-voltage unit, which were estimated from the slope of
he best fit line. The estimated parameters’ distributions are reported
n [11] and show uniformity of 6% and 17% respectively for gain and
CR. Among those tested, 36 matrices showed good and more uniform
erformances and therefore were selected to be coupled to the front-
nd electronics of the pSCT camera. In Fig. 10 we report the value of
he gain and the DCR per over-voltage unit for the 576 pixels installed
n the pSCT camera.
In December 2018, the 36 matrices were aligned on 9 modules

sing a reference frame with a tolerance of 0.02 mm and specials
opper elements. The alignment performed is needed to set the correct
urvature in each camera sector. Aligned modules were successfully
nstalled on the pSCT camera at Fred Lawrence Whipple Observatory
n Arizona (USA) (see Fig. 11(a), where the INFN modules are in the
op-left corner and are highlighted in light blue). The telescope was
naugurated on January 19 2019, and recorded its first event a couple
 d

5

Fig. 10. Gain (top) and DCR (bottom) per over-voltage unit for the 576 SiPMs installed
on the pSCT camera.

of days later on January 23rd. The image of the event is shown in
Fig. 11(b), where INFN modules are in the top-left corner, since this
image is facing the sky and it is therefore mirrored with respect to
Fig. 11(a).

5. Conclusions and outlooks

According to measurements reported in Sections 3 and 4, SiPM sen-
ors have proved to be suitable to equip the focal plane of Imaging Air
herenkov Telescope cameras, allowing the performance of the camera
o be improved. In particular, measurements reported in Section 4 were
undamental in order to select the sensors to install on the first section
f pSCT camera. This section has been equipped with photodetection
odules hosting a TARGET–7-based front-end electronics which also
osts a discrete pre-amplifier stage.
A new subfield of the camera will soon be equipped with 25
odules (1600 SiPMs) hosting FBK NUV-HD SiPMs as photodetectors
nd an upgraded FEE based on the TARGET design. In the new boards,
ampling and digitization of the signal will be separated from the
rigger circuit in two different ASICs, respectively TARGET–C and the
5TEA, allowing the noise level to be reduced [4,12]. Moreover, the
iscrete pre-amplifier will be replaced with a new ASIC, the SMART
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Fig. 11. Picture of the pSCT camera (top) and first event caught by the telescope
(bottom). (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

(SiPM Multichannel Asic for high Resolution Cherenkov Telescopes)
designed by INFN to exploit the integrated technology [13]. The ampli-
fication stage is characterized by a configurable gain stage, followed by
a tail suppression and signal shaping stage, with an adjustable filtering
frequency. Both gain and shaping time can be optimized by the user
with a Digital-to-Analog Converter (DAC).
6

The new upgrades will lead to an improvement on the performance
of the camera, maximizing the field of view and achieving a lower
trigger threshold, allowing the pSCT to start a physics campaign. The
full pSCT camera consisting of 177 modules and a total of 11328 pixels
is planned to be fully equipped within the next few years.
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