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Abstract

The Near Ultraviolet High Density (NUV-HD) SiPMs produced by Fondazione Bruno Kessler have been employed to develop
16-pixel optical units to equip the focal plane of the prototype Schwarzschild-Couder Telescope (pSCT) proposed as a possible
design for the Medium-Sized Telescope of the Cherenkov Telescope Array Observatory. After the assembly procedure, the optical
units were tested and characterized to study their performance and homogeneity in terms of gain and dark count rate. In this work,
we report on the assembly procedure and on the laboratory tests performed on different production of NUV-HD and the selection
we made for the best quality sensors to be used in the installation on the telescope camera. Currently 36 NUV-HD3 optical units
have been successfully integrated on the pSCT camera, together with 64 HAMAMATSU MPPCs. An upgrade of the pSCT camera

is foreseen over the next years when the full focal plane is expected to be equipped entirely with FBK NUV-HD3 SiPMs, for a total
of 11328 pixels.
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scopes (IACTs), aimed at the detection of very-high-energy e
(VHE) gamma rays by collecting the ultraviolet (UV) and e
visible Cherenkov light produced in gamma-ray induced elec- &3
tromagnetic showers in the atmosphere. These cosmic gamma s«
rays represent a unique probe for a large number of physical s
phenomena, ranging from cosmic rays physics, astrophysics to es
fundamental physics [1]. The basic technique of IACT consists e
in focusing the Cherenkov radiation emitted by air showers es
into a fast photo-sensor camera for indirect measurements of es
gamma rays at the ground. A large number of photon detectors 7o
is necessary to reconstruct a shower image with high precision 7
to perform the reconstruction of the events. This technique ex- 7
ploits the atmosphere as a calorimeter, where the air shower is 7
generated and Cherenkov radiation is emitted. By studying the 7
Cherenkov light on the ground, it is possible to reconstruct the 7
energy and arrival direction of the incoming VHE gamma-ray. 7

CTA is planning to install about 100 telescopes with dif- 7z
ferent configurations and acceptance in two observatories, one 7s
in the northern and one in the southern hemisphere, in order 7
to achieve the full-sky coverage and increase the detection area so
and the detection rates [2]. The northern site will be built at e
the Observatorio del Roque de los Muchachos on the island of e
La Palma in the Canary Islands (Spain), while the southern one s
will be built in the vicinity of the existing Paranal Observatory ss
in the Atacama Desert in Chile. &

The energy range of CTA will extend over four energy ss
decades, from tens of GeV up to hundreds of TeV, in order to &
overlap with the space-borne gamma-ray detector energy range ss
and investigate the gamma-ray sky at the highest energies [3]. s
If compared to current IACT facilities, the CTA Observatory s
will extend the flux sensitivity by at least one order of magni- o
tude in the core energy range. In order to provide broad energy s
coverage and improve the performance over the wide energy ss
range foreseen for CTA, telescopes will be built in three classes s
with different sizes: Large-Sized Telescopes (LSTs) for the s
lower energies (up to a few hundred of GeV), Medium-Sized ss
Telescopes (MSTs) for the core energy range and Small-Sized s
Telescopes (SSTs) to detect gamma rays above a few TeV. %

A large number of MSTs will populate the inner part of each s
array, improving the angular and energy resolutions. Two dif-100
ferent MST designs have been proposed: the traditional singleqor
mirror Davies-Cotton MST (DC-MST) [4] and the dual mirrorio
Schwarzschild-Couder MST (SCT) [5]. With a two-mirror op-1os
tical design, the SCT allows spherical and comatic aberrationsios
to be corrected, opening the possibility to instrument the tele-1os
scope with a compact and high-resolution camera [6]. 106

A prototype of the Schwarzschild-Couder Telescope (pSCT o
is being developed at the Fred Lawrence Whipple Laboratoryos
in Arizona (USA). Its camera design is based on Silicon Photo-1os
Multiplier (SiPM) sensors grouped in Photon Detection Unitsi1o
(PDU). Over the past 10 years, a joint venture between severalii
Italian Universities, the Italian National Institute for Nucleari2
Physics (INFN), the Italian National Institute for Astrophysicsis
(INAF), Fondazione Bruno Kessler (FBK) and various indus-11
trial partners have joined the efforts to design and develop SiPMiis
arrays compatible with the already existing pSCT camera me-11s
chanical structure and readout electronics. 17

The pSCT camera has a width of 81 cm for a total field of
view of 8° and will host 11 328 sensors, each one corresponding
to a 0.064° pixel in the sky, matching the Point Spread Function
(PSF) of the optical system [8]. The pSCT camera has a modu-
lar concept based on 54 x 54 mm? area PDUs, each one divided
into 4 optical modules composed of sixteen 6 X 6 mm? SiPM
sensors [7]. From now on, we will refer to the 16-SiPM optical
modules as SiPM arrays. The whole camera is composed of
708 SiPM arrays, arranged into 177 PDUs. The schematic of
the focal plane is shown in Figure 1.

At the time of writing, the optical system of the pSCT is
fully functional and the optical alignment system is currently
undergoing commissioning [9]. At the moment, only the cen-
tral sector of the pSCT camera has been installed: 16 PDUs of
it have been equipped with Hamamatsu S12642-0404PA-50(X)
MPPC modules, while the remaining 9 PDUs, corresponding to
36 SiPM arrays, are equipped with FBK SiPMs to verify their
performance towards an upgrade of the pSCT camera based en-
tirely on such devices. In the context of the assembly of PDUs
for the pSCT, different FBK devices have been used as a bench-
mark for the development of the assembly and test procedures
[10].

Near UltraViolet High-Density (NUV-HD) SiPMs manu-
factured by FBK are devices specifically designed and opti-
mized for blue and near ultraviolet light detection. Over the
years, the technology was improved with the aim of detect-
ing the Cherenkov emission, leading to the final design used
for the pSCT camera. More details regarding the optimization
of the SiPM structure for blue light detection can be found in
[11-13]. The first results regarding the characterization of FBK
NUV-HD SiPMs with an area of 6 x 6mm? and pitch of 30
pm are reported in [14]. The evolution of the technology over
the years led to the production of SiPMs with the same area of
6x6 mm?2 and an increased pitch of 40 um, which were renamed
NUV-HD3 SiPMs. Three different consecutive productions of
these devices were used to test and develop the PDUs for pSCT:
HD3-2, HD3-3, and HD3-4. The productions mainly differ by
the quality of the silicon substrates, which results in a different
rate of dark counts. Details about the FBK SiPMs’ electrical
characterization and mechanical structure are reported in [14—
16].

A thorough characterization measurement campaign was
carried out to measure the SiPMs gain, Photon Detection Ef-
ficiency (PDE), cross-talk probability and dark count rate,
including the temperature dependencies of all these quantities,
and is presented in [17]. The measurements allowed to select
the best device to be installed on the pSCT camera, namely
HD3-4 (from now on, simply HD3). In particular, when bi-
ased 5 V above the breakdown, these devices proved to have a
cross-talk probability of about 20%, a dark count rate of about
3 MHz over an active surface of 36 mm? and a PDE at 400 nm
almost up to 55%. Nine PDUs equipped with HD3-4 have been
instead fully integrated into the pSCT camera.

The paper is organized as follows. In Section 2 we intro-
duce the design of the PDU tiles, along with their mechanical
and electrical aspects. In Section 3 we describe the custom as-
sembly procedure of a total of 150 SiPM arrays of different
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Full camera = 9 sub-fields
177 modules

11,328 image pixels
[ /-r:;\
< \‘] 1 sub-field = 25 modules
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Figure 1: Schematic of the camera focal plane [7]. The whole camera can be subdivided in 9 sections (black squares on the left), designed to host up to 25 PDUs

(smaller squares). Each PDU hosts 64 image pixels, arranged in 4 optical modules.

productions and the electrical tests performed at INFN Perugiais
in order to verify the quality of the sensors and the uniformityss
of the breakdown voltages. In Section 4 we describe the unifor-s
mity tests we performed at INFN Bari on each array, presentingiso
the performance in terms of gain, Signal-to-Noise ratio (SNR), s
and Dark Count Rate (DCR). In total, 48 SiPM arrays wereis:
produced and tested, among which we selected the 36 arraysiss
necessary to equip the 9 PDUs of the pSCT camera. Finally,ss
in Section 5 we provide a summary of the measurements pre-iss
sented in the paper, along with the first scientific results of theiss
pSCT camera, introducing the upgrade foreseen over the nextis;
years. 158
159
160

2. Design of PDU tiles

161

We designed custom 26.8 x 26.8 mm? area tiles to host the
SiPMs in order to be compatible with the pSCT camera de-
sign [10]. The concept of the printed circuit board (PCB) tile
was designed to maximize the homogeneity of the active areaiss
over the mechanical camera area, implementing safety dead ar-1es
eas for the assembly. Modules populate the pSCT camera areasss
in a square tiling with a nominal module-module distance ofies
200 wm. Taking into account the microcell geometrical fill fac-1s
tor, the effective area of each module amounts to 68.9 %. Toues
ensure a positive signal polarity for readout with the front endies
electronics (FEE) and digitization board, a common positiveiz
bias voltage is provided to the SiPM substrate (cathode), whilei7
16 separate signals are read-out by the SiPM anodes via wirei
bonds. 173

The backside of the PCB hosts the connector that suppliesiz
the external voltage and that interfaces the 16 SiPM anode sig-i7s

nals with the FEE; a copper block is used to mechanically and
thermally couple the PCB with the pSCT camera module. The
top side of the PCB hosts the SiPMs. A wire-bond connection is
used to couple the SiPM anode to the readout pad, as described
in detail later. The nominal gap between the sensors after their
installation on the PCB amounts to 420 um, which is compati-
ble with the dimensions of the wedge of the bonding machine
used to wire-bond the SiPM bonding pads to the PCB bonding
pads.

Two different symmetric layouts of the PCB backside have
been produced for compatibility with the pSCT mechanics:
each PDU consists of 2 tiles with "Left” symmetry (L) and 2
tiles with ”Right” symmetry (R), as shown in Figure 2. All the
PCBs are compatible with the mechanical design of the pSCT
camera.

3. Assembly of SiPM arrays

To achieve an accurate alignment of the sensors during the
assembly procedures, the SiPMs were manually transferred
from the tapes to holder boxes with a vacuum pen. The PCBs
were connected to a transportation and gluing jig to ensure sta-
bility, robustness, and alignment during the subsequent phases.
A manual die-bonder machine was used to first deposit the
conductive glue on the pads of the PCB and to subsequently
extract the SiPMs from the transportation holders and place
them on the pads. We repeated the same procedure using a
manual approach, achieving the same level of accuracy in the
placement precision.

We placed the sensors according to the geometry discussed
in Section 2, with a sensor-sensor distance on the Y view of
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T e

Figure 2: Top: Backside of four modules, arranged as plugged to one PDU.
Bottom: top view of an assembled SiPM array ready for the electrical tests.
In the top panel, the two different symmetric layouts of the PCB backside, the
“Left” and the “Right” design, can be seen.

217
218
219
220
=~ 510 um (see Figure 3 for the orientation of X and Y). On thez
X-axis, instead, sensors were placed with a shift of ~ 80 umgg,
away from the corridor containing the bonding pads on thess
PCB, to improve the safety margin for the wire-bonding pro-z.
cedure. The alignment of the sensors was optically inspectedsss
using an optical micrometer precision metrology machine. 226

The homogeneity of the alignment within single modules is,,
of the order of 30 um, while the spread in the average sensor-zs
sensor distance for the whole production is of the order ofzg
30 wm for the X view and 10 um for the Y view. The averagess
rotation of sensors with respect to the nominal position is neg-zs;
ligible, with a level of homogeneity within single modules of,;,
the order of 0.2°. Furthermore, we inspected the planarity ofz;
the sensor after the assembly on the PCB using a ruby-head,s.,
touch probe machine on a pre-production test. The maximumass
deviation from flatness of the sensor surface observed acrosssss
the whole modules amounts to 80 um. The average rotation ofas;
single sensors in the XZ and YZ planes (i.e., a tilt with respectass
to the nominal XY plane) amounts to 0.2° distributed all overss,
the modules. The results of the optical inspection of a batch of,4
42 units are shown in Figure 3. 241

After assembly, each SiPM anode bonding pad (0.10 Xg
0.15mm?) was bonded using a 25um AlSi 1% wire to the,
signal readout pad of the PCB (0.3 x 2.3 mm?). The bondings.

parameters were optimized in order to have a breaking force
larger than 9 gf during destructive pull tests. The top of the
arch formed by the wire results to be at least 250 um above the
surface of the SiPMs to avoid electrical shorts.

3.1. Electrical tests of SiPM arrays

After assembly, we tested the quality of the SiPM sensors
on each module by measuring the current drain of the sensor as
a function of the reverse bias voltage, leading to the well-known
voltage-current (IV) characteristic. The IV characteristics of all
the pixels were used to evaluate the breakdown voltage V3, of
each pixel and to evaluate all their properties as a function of
the over-voltage (OV) applied, defined as Voy = Vijas — Vb,
where Vyiys is the bias voltage provided.

A Keithley 2400 Sourcemeter was used to provide the re-
verse bias to the sensors placed in a dark box and to measure
the current at the SiPM anode. An example of IV curves for 16
sensors of a module is shown in Figure 4, top left panel.

The average sensor shows a current drain of approximately
5 — 10nA for bias voltages below the breakdown voltage Vgp
and an exponential increase above the breakdown voltage. To
evaluate the value of Vgp for each sensor, we applied the pro-
cedure explained in [18] based on the analysis of the derivative
of the logarithm of the current /(V},s) as a function of the bias
voltage Vyias, Which can be parameterised as

610g(1(vbias)) — 2
Vhias Viias — Vo

ey

The value of V,, is retrieved for each SiPM as the best fit value of
Equation 1. An example of the fit procedure for one channel is
shown in Figure 4, top right panel, together with the distribution
of the measurements for the 16 channels of one SiPM array,
bottom panels.

The procedure was performed on all the SiPM arrays pro-
duced. The three productions of FBK NUV-HD SiPMs, namely
HD3-2, HD3-3 and HD3-4, differ by the average value of the
breakdown voltage in an interval smaller than 1V while the
spread of the breakdown voltage value that is always below
80mV. The distributions of the measured breakdown voltage
at room temperature (=~ 25° C) for the HD3-4 SiPM arrays is
shown in Figure 5, where the values of the breakdown voltages
of the 36 SiPM arrays installed on the pSCT camera are high-
lighted in gray. The distribution of the arrays installed on the
camera was fitted with two Gaussian functions, one with mean
u=1(26.33+0.01) V and standard deviation o = 0.05 £ 0.01 V
and the other with u = 26.54 +0.01 V and o = (0.06 + 0.01) V.
The uniformity of the distributions is 0.19% and 0.23% respec-
tively. The difference is probably due to the fact that the SiPMs
come from different Si wafers.

We emphasize that Equation | is an operative parametriza-
tion to retrieve the breakdown voltage. To verify the robustness
of the procedure, we also measured the breakdown voltage as
the intersection of two parametrisations of the current: a linear
fit to log(/(Vpias)) below the current rise, and a 2nd order poly-
nomial fit to log(/(Vyias)) above the current rise. This approach
provides a measurement of the breakdown voltage Vl()*) that is
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Figure 3: Result of the optical inspection of 42 modules equipped with sixteen 6 x 6 mm? SiPMs. For each module, we report the mean value (a) and the standard
deviation (b) for the distributions of: (i) distance between adjacent sensors in the X view separated by bonding pads, lateral corridors; (ii) distance between adjacent
sensors in the X view not separated by bonding pads, central corridor; (iii) distance between adjacent sensors in the Y view; (iv) rotation of the sensor in the XY
plane with respect to the PCB axes. The third column is a schematic representation of the quantities measures in each histogram.
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Figure 4: Example and results of the breakdown voltage measurement for 16 channels of one SiPM array. Top left: IV curves for the 16 channels. Top right: fit of
Equation 1 to the derivative of the logarithm of the current for one channel. Bottom left: measurement of the breakdown voltage for the 16 channels. Bottom right:

distribution of the breakdown voltage measurements for the 16 channels.

slightly larger than the one obtained before. As shown in Fig-zet
ure 6, the average difference obtained by the application of thezs
two procedures on the 576 SiPMs on the 36 arrays installed onass
the camera amounts to approximately 140 mV with a spread ofas.
approximately 30mV. The difference between the breakdownass
voltages obtained with the two methods results in negligiblezss
variation of the SiPM performance in terms of gain and photonazs.
detection efficiency. For all the calculations in the following

sections, we considered the breakdown voltages obtained withzes
the fit of the derivative of log(I(Viias))-

269
270
4. Uniformity tests 2
272

After the assembly and the measurement of the breakdown.rs
voltage of all the pixels, we tested the performance and the uni-z7
formity of the arrays in terms of gain, SNR, and DCR of eachrs
SiPM. The setup used to characterize the performance consistedzrs
of a frontend board followed by a charge-to-digital converterz77

278

module (CAEN V792 QDC module). The front-end board con-
sists in an ad-hoc 16-channel FEE designed by INFN Napoli,
which includes a pole-zero cancellation network in order to fil-
ter the long tail of the SiPM signals and increase the signal-
to-noise ratio of the integrated signal distributions by remov-
ing accidental pileup with the DCR [19]. Figure 7 shows the
schematic of the circuit.

4.1. Setup calibration

Before testing the SiPM arrays, the 16-channels FEE cou-
pled with the QDC module were calibrated with a test signal.
The same signal was sent independently to each channel and
the output signal of the QDC was collected with the same inte-
gration time that was later used to collect the SiPMs signal. We
changed the amplitude of the input signal to take into account
the different pedestal and conversion factors of the 16 channels,
as reported in Figure 8. This procedure was useful to cross cali-
brate the 16 channels. We did not apply an absolute calibration,
so we did not measure the charge corresponding to the single
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Figure 5: Distributions of the breakdown voltage for all the 48 SiPM arrays
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camera (gray). The distribution of the arrays installed on the camera was fitted
with two gaussian, one for each substrate of the SiPM production.
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Figure 6: Distribution of the difference between the breakdown voltage mea-

surements based on the two methods described in the text for 576 SiPMs of the

36 arrays selected to be equipped on the pSCT camera. 316

317

318

photo-electron (p.e.) of the SiPMs. This aspect is beyond the;,,
aim of this work. 320
321

4.2. Experimental results on uniformity tests a2
We tested each array with bias voltage ranging from 31 Vazs

to 36 V (= 4.5 —-9.5 V of OV) in steps of 1 V, illuminatingses
them with a 380 nm Pulse Diode Laser. A diffusing lens wasses
placed between the laser head and the detector to irradiate allss
pixels. We also acquired data in dark conditions (i.e. withoutss
the pulsed laser) to acquire the integrated signal in absence ofszs
light. The integration time was fixed at 50 ns in order to inte-ses
grate only the signal induced by the laser light. We performedsso
all measurements at room temperature, T ~ 25° C. 331
We obtained the integrated signal distribution for eachss
SiPM array and analysed them in order to obtain the integratedsss
charge per p.e. and the SNR of the first p.e. for each of thesss

16 pixels. Data taken under dark conditions were analyzed to
evaluate the DCR for each pixel, as is explained later in this
work. An example of the fitted integrated signal distribution
for one SiPM array of the FBK HD3-4 batch at a given bias
voltage (Vpias = 33 V) is reported in Figure 9. The position
of each histogram corresponds to the physical position of the
SiPM in the array. As can be seen, the central pixels show a
higher average number of p.e. due to a imperfectly uniform
illumination.

The first peak of the distributions corresponds to the ab-
sence of any pulse from the laser, while the second one corre-
sponds to the detection of one p.e., the third to two p.e., and
so on. As can be seen from the distributions, all spectra follow
a compound Poissonian distribution which reflects the proba-
bility to observe pulses equal to 0, 1,...n fired microcells in
a single pixel, taking into account the cross-talk probability
[20]. Each peak has a Gaussian distribution due to excess noise
of charge multiplication, structural differences between micro-
cells in the individual SiPM, and noise introduced by the read-
out electronics. Each spectrum was fitted with a multi-gaussian
function in the form:

N
M) = )" fiGlx iy ), @)
i=0

where x is the central value of the charge histogram bin,
G(x, u;, o) is the Gaussian distribution with mean y; and width
o; of the i—th peak and f; is its normalization factor of each
peak. The sum runs up to an arbitrary number N that repre-
sents the maximum number of fired pixels that is statistically
significant.

The parameters from the multi-Gaussian fit were extracted
for each number of p.e.s to quantify the performance of the de-
vices. In particular, we evaluated the trend of the mean y; as
a function of the number of photons detected, which shows a
linear behaviour, as reported in Figure 10 for one of the arrays
biased at 33 V.

The slope of each best fit line in Figure 10 gives informa-
tion about the gain of the system, i.e. SiPM and amplification
stage, for each bias voltage considered. We then combined this
information with the breakdown voltages for each channel to
evaluate the gain as a function of the OV, as shown in Figure 11
for one of the SiPM arrays.

We performed a linear fit on each of the curves, obtaining
the gain per over-voltage unit for each of the pixels. The dis-
tribution of the gain/V for all the HD3 pixels tested is reported
in Figure 12 as a white histogram. The gray histogram repre-
sents the distribution of the gain/V only for the pixels installed
on the pSCT camera. Both histograms were fitted with a gaus-
sian function. For the distribution of all the pixels, the mean of
the gaussian is 4 = (7.44 £ 0.03) ADC ch/V and the standard
deviation is o = (0.37 + 0.03) ADC ch/V, while for the distri-
bution of the 576 pixels installed on the pSCT camera the mean
of the gaussian is y = (7.46 £ 0.03) ADC ch/V and the standard
deviation is o = (0.35 + 0.03) ADC ch/V. The uniformity of
the distribution of the pixels installed on the pSCT camera is
4.7%. No significant differences have been found between the
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. . N 363
two distributions.

The collected data were also analyzed to evaluate the SNR:Z
of the system at different voltages. The SNR compares the level366
of detectable signals to the level of background noise. The SNR367
of each peak can be estimated through following relation:

Hi — Ho (3)369

0—0 370

371

with y; and yg being respectively the position of the i—th peak,,,
in the charge distributions reported in Figure 9 and the pedestal,,,
position, and o7 the standard deviation of the pedestal. a7
The trend of the quantities S NR; versus the i — th p.e. de-,
tected was then fitted with a linear function for each channel at,,
each bias voltage, with the slope representing the SNR for the,,,
single p.e. (simply named S NR hereafter). These values are re-,,
ported in Figure 13 as a function of the applied over-voltage. It,,,
can be seen that the SNR of the system increases with the over-,
voltage but is not linear. This behaviour can be expected due,,
to the increase of intrinsic noise, which spoils the separation of,,,
the p.e. peaks. o83
We note that the mean SNR among all the pixels tested is,,

SNR; =

~ 5 at Vyips = 34V, corresponding to Voy ~ 7.6 V.

In order to measure the dark count rate of each pixel at dif-
ferent OV values, we conducted measurements on the SiPM
arrays also in absence of light. The DAQ chain was the same
as the one described for the measurements performed with the
laser turned on. SiPM array signals were acquired with the
QDC to obtain the integrated charge over a 50 ns time inter-
val. Figure 14 shows the charge spectra obtained for one SiPM
array at bias voltage 33 V.

The spectra are characterized by a high peak corresponding
to the absence of any pulses in the time window considered,
followed by one or two smaller peaks corresponding to the first
or second p.e. These p.e. signals are due to dark counts which
occur in the considered integration window.

We obtained the dark count rate for each channel adopting
the following formula:

_ In (Nyot/No)
At ’

where Ny is the total number of events acquired during the
integration window, Ny is the number of pedestal events (i.e.
no photon signal), evaluated as the area of the fitted pedestal
gaussian, and At is the integration time in each event. The trend
of the DCR as a function of the over-voltage for one of the
arrays is reported in Figure 15 with a linear fit superimposed on
experimental data.

As we did for the gain, we collected the slope parameters
of the curves reported in Figure 15, repeating the procedure for
each pixel. The distribution of the DCR/OV unit for all the
pixels tested is reported in Figure 16 (white histogram), with
the distribution of the DCR/OV of the arrays installed on the
pSCT camera shown in gray. A Gaussian fit was performed
on both distributions. For the distribution of all the pixels, the
mean of the gaussian (blue line) is 4 = (32.0+0.1) kHz/mm?/V
and the standard deviation is o= = (5.7 + 0.1) kHz/mm?/V. For
the distribution of the pixels installed on the camera, the mean
value of DCR/OV of the distribution is (32.2+0.2) kHz/mm?/V
with a standard deviation (5.4 + 0.2) kHz/mm?/V. The value
of the DCR at 6 — 7V of over-voltage is about 6.5 MHz/pixel,
which is one order of magnitude smaller than the rate of the
night sky background.

DCR “
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Figure 9: Integrated signal distributions of the signal of the 16 channels of one SiPM array biased at 33 V, illuminated with a 380 nm Pulsed Diode Laser. The
integration time is 50 ns. The red line on each histogram is a multi-gaussian fit superimposed on data. The x-axes in each plot represent the ADC counts, while the
y-axes represent the number of entries. The position of each histogram corresponds to the physical position of the SiPM in the array.
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Figure 10: Peak position (mean of Gaussian distribution) in ADC channels as
a function of the p.e. number for the 16 pixels of one SiPM array biased at
33V, with linear fit superimposed on experimental data. The slope of the curve
represents the gain of the system for each p.e. The reduced y° values range
from 0.01 to 0.92. Different line colors refer to different pixels according to the
same legend in Figure 8.

Gain/p.e. (ADC channels)

5 6 7 8 9
oV (V)

Figure 11: Gain/p.e. for each of the 16 pixels composing an SiPM array, re-
ported as a function of the over-voltage applied with a linear fit superimposed
on experimental data. The reduced y? values range from 0.29 to 3.84. Different
line colors refer to different pixels according to the same legend in Figure 8.



385

386

387

388

389

390

391

392

393

394

395

Primer autor et al. / Nuclear Instruments and Methods in Physics Research A 00 (2022) 1-12 10

100
[ 48 arrays
[ 36 arrays on pSCT
801
9 601 = (7.46 = 0.03) ADC ch
S = (0.35 = 0.03) ADC ch
3 = (7.44 + 0.03) ADC ch
S 401 = (0.37 = 0.03) ADC ch
20< 396
397
398
0 T T T T 399
2 4 10 12 14 16

Gain/OV (ADC channels) 400

401

Figure 12: Distribution of the gain per over-voltage unit for all the 48 optical4o2
modules equipped with HD3-4 SiPMs (white) and for the 36 arrays installed onygs
the pSCT camera (gray). Both distributions were fitted with a gaussian function.
For the distribution of all the pixels, the mean of the gaussian (blue line) is
1 = (7.44 £+ 0.03) ADC ch/V and the standard deviation is o= = (0.37 + 0.03)4%
ADC ch/V, while for the distribution of the 576 pixels installed on the pSCTa4o0s
camera the mean of the gaussian (red line) is 4 = (7.46 + 0.03) ADC ch/V and,;,
the standard deviation is o = (0.35 + 0.03) ADC ch/V. The uniformity of the
latter histogram is 4.7 %. o
409

410

411
A 412
1

+
! e

g + 416

417

SNR

421

oV (V)

423

424

Figure 13: Single p.e. signal-to-Noise ratio for all the channels in a SiPM array
as a function of the applied over-voltage. Different line colors refer to different*?
pixels according to the same legend in Figure 8. 426
427
. 428
5. Conclusions and outlook 125

430

We assembled and tested different productions of FBK
NUV-HD3 SiPMs. Among the different production of HD
SiPM developed, HD3-4 SiPM arrays showed better and more"”
uniform performance and were chosen to equip the camera of
pSCT. The performance of these arrays are summarized in Ta-"**
ble 1. After the characterization tests performed on the HD3-4
arrays, 36 arrays were selected to be coupled to the front-end*”
electronics of the pSCT camera [21]. d

The 36 selected arrays were aligned on 9 FEE modules us-"*

. . . 439
ing special copper elements to set the correct curvature in each
440

431

435

Table 1: Summary of performance of the 36 arrays installed on the pSCT cam-
era.

Mean | Standard deviation
Vip (V) (first group) 26.33 0.05
Vep (V) (second group) 26.54 0.06
Gain (ADC channels/OV unit) 7.5 0.4
SNR at OV=6.5 V 4.9 0.2
DCR (kHz/mm?/V) 32.2 54

camera sector. After the alignment procedure, the 9 modules
were installed on the pSCT camera in Arizona in December
2018. The prototype was inaugurated in January 2019. Even
with only one equipped sector of its camera, the pSCT is pro-
viding important information on the procedures for the opti-
cal alignment and the camera operation and calibration, while
proving the viability of the novel telescope design in gamma-
ray astrophysics thanks to the first campaign of observations
which led to the detection of TeV gamma-ray emission from
the Crab Nebula [22]. The characterization results presented in
this work are essential to study the performance of the pSCT
both with dedicated simulations and real data.

An upgrade of the pSCT camera is foreseen over the next
few years. The full focal plane is expected to be equipped en-
tirely with FBK NUV-HD3 SiPMs, for a total of 11 328 pixels,
increasing the FoV from 2.68° to almost 8°. A detailed charac-
terization of the full production of the new SiPM arrays for the
upgraded camera will be performed before the integration with
the electronic chain. Moreover, also the FEE will be upgraded
to use of three dedicated ASICs for the pre-amplification, the
digitization, and the trigger stages [23].
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Figure 14: Integrated signal distribution of the signal under dark conditions of the 16 channels of one SiPM array, biased at 33 V. The integration time is 50 ns. The
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