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a b s t r a c t

The Muon Portal Project was born as a joint initiative between Italian research and industrial partners,
aimed at the construction of a real-size working detector prototype to inspect the content of traveling
containers by means of secondary cosmic-ray muon radiation and recognize potentially dangerous
hidden materials. The tomographic image is obtained by reconstructing the incoming and outgoing
muon trajectories when crossing the inspected volume, employing two tracker planes located above and
below the container under inspection. In this paper, the design and development of the front-end
electronics of the Muon Portal detector is presented, with particular emphasis being devoted to the
photo-sensor devices detecting the scintillation light and to the read-out circuitry which is in charge of
processing and digitizing the analog pulse signals. In addition, the remote control system, mechanical
housing, and thermal cooling system of all structural blocks of the Muon Portal tracker are also discussed,
demonstrating the effectiveness and functionality of the adopted design.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

In line with the increasing demand for selected security con-
trols at ports and boards, novel advanced technologies offering
improved detection of hidden nuclear materials and special
weapons have been recently given considerable research attention
to thwart nuclear proliferation and terrorism throughout the
world. The annual traffic of vehicles and containers transporting
persons and materials is constantly growing over time; however,
effective inspection protocols are currently applied to exiguous
percentages of the overall worldwide traveling platforms, owing to
the prohibitive time-consuming procedures and remarkable costs
required.

In order to avoid manual inspection of freight, cargo and
shipping containers, numerous radiation detection techniques
have been developed for identifying the presence of nuclear ele-
ments emitting radiations. The most commonly adopted approach
relies on the X-ray absorption from an intense external source;
alternative techniques, such as directional gamma-ray imaging
and neutron radiography, have also been considered. However,
these strategies have not been proven to be particularly sensitive
to heavily shielded nuclear materials, because of radiation
absorption phenomena, and entail the release of additional ra-
diation levels into the natural environment.

To keep pace with the emerging demand for more rigorous
safety standards and regulations, requiring the inspection of all
transiting containers, advanced non-intrusive scanning instru-
ments have been developed over the last few years to detect dense
materials which might be consistent in presence of particular fis-
sile elements [1–3]. In this context, cosmic muon tomography is
one of the most promising technique, exploiting the scattering
process of secondary cosmic radiation at the sea level, which is
particularly sensitive to the atomic number Z of the traversed
material. From the determination of the muon angular deviation
induced by heavy materials when crossing the particle tracker, a
three-dimensional (3D) map of the scattering points can be
truthfully reconstructed, detecting any hidden high-Z fissile sam-
ple (i.e. U, Pu) or shielding (i.e. Pb) in a reasonable amount of time.
Compared to traditional inspection methods, muon tomography
benefits from a non-invasive scan operation, provides a reliable 3D
density profile of the inspected volume, and prevents additional
harmful radiation from contaminating the atmosphere. In light of
the above features, muon tomography enhances the existing ra-
diation detection portals, allowing an accurate screening of con-
tainers in short acquisition times, complying with the general re-
quirement of a fast inspection technique [4–7].

Different projects have been proposed worldwide in recent
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Fig. 1. Artist's view of the Muon Portal detector layout, illustrating the detection of
high-Z objects inside a container. Two XY logical planes are placed above and be-
low the container, in order to reconstruct the muon tracks before and after tra-
versing the container volume, in search of muon scattering from high-Z materials.
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years, with the target of constructing prototype detectors for
muon tomography. Within this framework, the Muon Portal Col-
laboration (endorsed by a few local research institutions and in-
dustrial companies) recently undertook a new innovative project
aiming at the development of a real-size tomographic prototype
detector (18-m2 sensitive area for each of the 4 logical planes),
specifically designed for the identification and localization of po-
tentially dangerous materials inside standard traveling containers
[8–17]. A considerable amount of simulations and tests with dif-
ferent reconstruction and visualization algorithms has demon-
strated the feasibility of the project, enabling the possibility of
gaining sufficient information in short acquisition windows to
reconstruct the tomographic image with the required precision
and resolution [13–17].

Two main considerations about the expected integration time
in the proposed Muon Portal project should be taken into account.
First, in a reasonable amount of time, about ten minutes, the
system must take the decision if an accurate inspection is needed;
this is the case of a container in which the number of scattered
muon tracks exceeds a prefixed threshold level. A longer duration
of the preliminary inspection could paralyze the flux of containers
through the control gates. Second, once a preliminary alert signal
has been given, the suspected container can be cleared if, after
about one day long data acquisition, no evidence of a high-density
object bigger than 1 dm3 has been detected. The optimal time
windows for the fulfillment of these two constraints will be cho-
sen by data analysis after a measurement campaign in the final
conditions of detector size.

After an extensive R&D phase, which led to the choice and test
of the individual components, the Muon Portal Project has entered
the construction phase, and the installation of the detection
modules is almost completed.

This paper reports on the design and development of the front-
end electronics of the Muon Portal detector, from the photo-sensor
devices adopted to detect the photons emitted by the scintillation
light, to the read-out circuits dedicated to process and digitize the
output analog pulses, also including the remote control system for
the acquisition and monitoring of voltages and temperatures of all
functional blocks of the detector tracker.

Following this introduction, the remainder of the paper is or-
ganized as follows. A technical description of the detector tracker
is briefly addressed in Section 2. Section 3 details the front-end
electronics of the Muon Portal detector, discussing the used photo-
sensors and related front-end read-out. The remote control system
of the tracking detector is described in Section 4. Section 5 reports
on the mechanical housing and cooling system. Finally, Section 6
draws the authors’ conclusions.
1 http://kuraraypsf.jp/psf/ws.html.
2. The Muon Portal detector

The structure of the Muon Portal detector consists of 8 posi-
tion-sensitive physical planes, corresponding to 4 logical XY planes
of 3�6-m2 each, two placed above and two below the container
volume to be investigated, as schematically sketched in Fig. 1. Due
to the envisaged distance between the detection planes (1.4 m)
and the inner part of the detector (2.8 m in height), a spatial re-
solution on the order of a few millimeters is required for all planes,
in order to provide good tracking capabilities for the entering
charged particles, reconstruct their incoming and outgoing tra-
jectories, and evaluate the amount of scattering suffered by each
track. The overall size of the detector is suitable for a full inspec-
tion of a real TEU (Twenty-foot Equivalent units) container.

For a feasible implementation of the set-up, the baseline layout
of the detector architecture is derived from a modular-type design
approach. In fact, each physical plane is composed of 6 functional
modules (1 m�3 m) covering either the X- or the Y-coordinates in
a proper geometry so as to minimize the dead area, estimated in
the order of 0.1% of the total sensitive area. As a result, 48 struc-
tural modules are required for the 8 physical planes of the
detector.

Each detection module is segmented in 100 strips (1�
1�300 cm3) of extruded plastic scintillator. Two Wave-Length-
Shifting fibers (WLS), Kurary1 Y-11 (200) MJ, 1 mm round section,
are placed on each strip to convey the light engendered by the
crossing particles, and are both optically and mechanically coupled
to suitable photo-sensors, positioned at one of the fiber ex-
tremities, which convert the scintillating light into electrical pulse
signals. Fig. 2 pictorially illustrates the structural arrangement of
the 12 basic modules (denominated M1-M12) in each of the 4 lo-
gical planes. The choice of extruded plastic scintillator strips for
cosmic muon detection is based on a reasonable trade-off in terms
of efficiency, light yield, emission, absorption spectra, costs and
availability.

The detection planes are supported by a customized mechan-
ical structure, with the aim of providing a suitable sustenance for
the detector planes and minimizing the amount of material budget
traversed by the charged particles. The mechanical structure is
made by 6 supports in iron steel of a few centimeters thickness,
with a light metal grid for each tracking plane.
3. Front-end electronics

The front-end electronics of the Muon Portal tracker, hereafter
described, includes the photo-sensor devices detecting the light
generated by the crossing muons, as well as the read-out circuits
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Fig. 2. Pictorial representation of an XY logical plane, consisting of 12 functional
modules (M1-M12). The 200 optical fibers in each module are terminated on the
photo-sensors devices and related front-end electronics.

Table 1
Main physical features of the SiPM detectors
employed in the front-end electronics
(MUON-60 by ST-Microelectronics).

Parameter Value

Device size 2.09 mm�2.09 mm
Cell pitch 60 μm�60 μm
Sensitive area 1.97 mm2

Micro-pixels 548
Cell fill-factor 67.4%
Breakdown voltagea 26.9 V�27.7 V

a Among the 9600 devices used, evaluated
at room temperature (25 °C).
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conditioning and processing the analog pulses and converting
them into digital signals.

3.1. SiPM photo-sensors

The read-out of the scintillation light produced in the strips and
transported by the WLS fibers relies on silicon photomultiplier
(SiPM) sensors, a rapidly-developing class of solid-state detectors
which have been recently gaining great interest and extensive
diffusion in the fields of high-energy physics, nuclear medicine,
and astrophysics [18–26].

The photosensors used in the Muon Portal detector requires an
appropriate design to be adapted to the mechanical requirements
and to the optical properties of the strips and the WLS fibers.
SiPMs allows to fit the size of the used fibers and match their
emission spectrum. In addition, the selected WLS fibers to trans-
port the light produced in the scintillating strips greatly reduce the
light absorption along the strip and enables to adapt the wave-
length of the emitted light to the spectral region of the SiPM
maximal sensitivity.

The SiPM prototype devices realized for the Muon Portal pro-
ject are custom-designed detectors, fabricated by ST-Microelec-
tronics (STM), aimed at maximizing the photon detection effi-
ciency (PDE), ensuring relatively low dark count rate (DCR) and
optical cross-talk values. Numerous preliminary characterization
activities were carried out in terms of both electrical and optical
performance parameters, in order to select the optimal SiPM de-
vices, for a given temperature and operating condition, before the
mass production. The final monolithic chip is based on an n-on-p
technology and embeds 4 individual round-shaped SiPMs, as
shown on the micro-photographs of Fig. 3.

The monolithic chip (�5�5 mm2) integrates two types of
SiPMs of equal physical dimensions, which differ only for their cell
pitch: the MUON-60 device features 548 microcells with 60-μm
pitch, while the MUON-75 SiPM is constituted by 320 cells with a
MUON-60
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Fig. 3. Microphotograph of the SiPM chip employed for the Muon Portal detector
(upper row: MUON-60; lower row: MUON-75).
75-μm pitch. The SiPM size is circular with a diameter of about
1.5 mm, and the distance between the centers of the two SiPMs is
chosen to optimize coupling with fibers. Along with the standard
contacts for the anode and cathode electrodes, both SiPM types are
provided with a third additional pad connected to an independent
photodiode microcell, allowing for a more accurate breakdown
voltage estimation. The SiPM type being considered for the Muon
Portal application is the MUON-60 detector, due to the much re-
duced DCR and optical cross-talk compared to the MUON-75
counterpart. The main physical characteristics of the MUON-60
SiPM, provided by the manufacturer, are summarized in Table 1,
along with the measured spread in the breakdown voltages among
all the tested devices.

Extensive electro-optical characterization of the MUON-60
SiPMs is performed with the set-up described in [22,23], in order
to assess the main performance parameters and sort out the de-
vices according to their breakdown voltages and equalize the gain
of different SiPMs installed in the same region of the detector [12].

Dedicated mechanical supports (cookies) placed at one end of
the strips allow to route and align the WLS fibers, which are then
polished and finally coupled to the SiPM chips and are enclosed
inside a black PolyVinyl Chloride (PVC) box, in order to be oper-
ated in dark conditions at a selected operating temperature. Each
scintillator strip endorses two WLS fibers, as shortly detailed in
Subsection 3.2, so that two SiPMs are required to read-out the light
produced by the incoming muons, for a total number of 200 SiPMs
for each detection module. A batch of about ten thousand SiPMs
has been produced by STM and encapsulated into a Surface-Mount
Device (SMD) optical package.

The technology spread in the SiPM breakdown voltage (VBD) is
less than 1 V, with a Gaussian mean value of 27.4 V and a standard
deviation of 0.2 V, suggesting a good device uniformity within the
tested batch.

Some of the final chips with the 4 SiPMs embedded were fully
characterized. The SiPMs are biased and the output signal ampli-
fied by the use of a CAEN SP5600 general-purpose Power Supply
and Amplification Unit (PSAU). The amplified signal is fed into a
discriminator module, generating a logic output pulse each time a
pulse crosses a predefined voltage level. A CAEN DT5720A fast
digitizer (2 channels, 250 MS/s, 12 bit) allows to display the sig-
nals, evaluate the output charge of the sensor under test and
measure its count rate in the absence of light [22].

The MUON-60 DCR as a function of the discriminator threshold
Vth (also known as staircase curves) are reported in Fig. 4 at dif-
ferent overvoltage (VOV) values.

SiPM absolute PDE measurements are carried out based on the
photon counting method [22,23], by which the number of pulses
per unit time in monochromatic light conditions are compared to
the light level recorded by a reference NIST photodetector at the
same time, and this process is then repeated for several wave-
lengths. PDE measurements in the 350–1000-nm wavelength



Fig. 4. Dark staircase curves of the MUON-60 detector as a function of the dis-
criminator threshold, at different overvoltage values.
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range are reported in Fig. 5 at three different overvoltage values,
for a sample MUON-60 detector.

In the range 500–550 nm (which corresponds to the main
emission spectrum of the WLS fiber) this device shows the highest
PDE (with respect to other prototypes of the same series).

3.2. Read-out electronics

The output signals of the SiPM detectors are read by means of a
specifically designed front-end circuits. A specific front-end case is
realized for each module of the detector planes, in order to ac-
commodate the SiPM detectors with related bias voltage, signal-
processing electronics and temperature monitoring system. These
front-end cases are suitably interfaced with the back-end acqui-
sition electronics.

In consideration of the total number of functional modules
required to achieve the desired space and angular resolution, an
extremely large number of read-out channels are implemented for
the whole muon detector. Therefore, a cost-effective compression
technique is exploited within each module (100 strips), reducing
the overall number of output channels to be processed by the
front-end electronics and data acquisition system [27]. This is ac-
complished by the use of two WLS fibers running along the same
strip (for a total of 9600 fibers, 200 per module) and connected to
the same number of read-out SiPMs. Two WLS allow reading out
of the scintillation light produced in a strip by means of two SiPM
from one side only of the module. The time coincidence of the
signals coming from two WLS of the same strip allow a strong
reduction of spurious events, mainly due to the SiPM dark current.

For each detection module, 10 dedicated front-end boards
(FEPMs) are designed and fabricated to host the 200 SiPMs and
Fig. 5. Photon detection efficiency of the MUON-60 detector as a fu
provide a versatile optical and mechanical interface with the WLS
fibers. The 20 light signals arriving at each FEPM are sorted two-
by-two in correspondence of each scintillator strip, producing 20
analog output pulses. Half of these signals (group signals, G1�G10)
are connected in parallel in sets of five, and are then properly
amplified and summed inside each board. All FEPMs of a single
module are connected to a unique custom-made motherboard
(CPM), where the remaining 10 amplified signals, one for each
FEPM, are summed according to the same order in the FEPM
boards (strip signals, S1�S10). Fig. 6 depicts a conceptual sche-
matization of the adopted channel reduction approach. The Si and
Gi signals correspond, respectively, to the StripSet and the
NeighSet Groups in [27].

Each of the FEPM boards (10 cm�7 cm in size) hosts the SiPM
devices, along with 13 fast operational amplifiers (THS3201, 1.8-
GHz gain-bandwidth product), and an LM60 temperature sensor
on the bottom layer to monitor the SiPM operating temperature on
the board, useful to control each SiPM operating voltage with re-
spect to temperature variations. A 30-pin Molex connector enables
connection to the CPM motherboard, which provides the various
supply voltages and processes the SiPM output signals. To allow
oscilloscope testing of the boards, an output LEMO connector is
also envisaged. Fig. 7 shows the schematic of the circuit of the
FEPM board dedicated to the formation of one of the group signals.

Fig. 8 illustrates the Printed-Circuit Board (PCB) of the realized
FEPM. In total, 480 FEPM boards and 48 CPM boards are required
for the 48 functional modules of the Muon Portal tracker, dis-
tributed in the four logical detection planes.

The simplified block diagram of the CPM motherboard is illu-
strated in Fig. 9. The 20 signals from each detection module (G1�
G10, S1�S10) are compared to user-defined thresholds (TH1�TH20)
produced by an integrated Digital-to-Analog Converter (DAC).
Subsequently, the resulting digital pulses are stretched by mono-
stable multivibrators (60-ns time width) to ensure proper adap-
tation and correct sampling of the signals. At the output of the
monostable circuits, the digital pulses are buffered through dedi-
cated line drivers to avoid signal losses due to the long wiring
connection toward the back-end modules. Fig. 10 depicts the PCB
of the realized CPM motherboard (80 cm�7 cm dimensions).

The back-end programmable logic is based on a VIRTEX-II
Field-Programmable Gate Array (FPGA) module, operating at
40 MHz and programmable through the LabView software. It al-
lows to set the DAC thresholds, sample the digital pulses from each
front-end module, decode the hit strips and produce a label frame
for each event. The output data are pre-analyzed and stored into a
data acquisition system. For the read-out of the four logical planes
of the Muon Portal detector, 8 dedicated PXI-7813R boards,
nction of the light wavelength, at different overvoltage values.



Fig. 6. Simplified schematization of the channel reduction strategy applied to a single detection module.

Fig. 7. Schematic of the circuit inside the FEPM board dedicated to the formation of one of the group signals.
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provided by National Instruments, and a real-time calculation
module (NI PXIe-8135) are used to correlate the signals from all
detection planes, while a GPS device (NI PXI-6682), housed into a
suitable crate, is also exploited for synchronization.

The use of SiPM photo-sensors to measure the signals coming
from the WLS fibers, requires a remote adjustable power supply,
able to compensate the variations of the intrinsic photo-sensor
characteristics (gain, PDE, dark current) caused by the surrounding
environment. To this purpose, the power supply section is pro-
vided with a software temperature controller, able to stabilize the
working points of the SiPMs, which were suitably selected to have
similar characteristics. In fact, as shortly described, the
temperature monitoring and the setting of the SiPM operating
voltage allow temperature variations to be compensated.

Moreover, to improve the uniformity of the SiPM response
along the detection modules, the devices are subdivided into
groups, depending on their breakdown voltage. SiPMs with similar
characteristics are installed in the same detection module, in order
to set, in groups of 200 SiPMs, the same bias voltage. In addition,
thresholds are remotely controlled and automatically adjusted to
account for possible gain variations.

Several calibration measurements are carried out in order to
establish the most suitable SiPM single-photoelectron amplitudes
by varying the photo-sensor operating voltage. Fig. 11 reports the
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Fig. 8. PCB of the assembled FEPM board.

Fig. 9. Simplified block diagram of the CPM motherboard, showing its main building blocks.

S. Garozzo et al. / Nuclear Instruments and Methods in Physics Research A 833 (2016) 169–180174
oscilloscope measurements related to one of the 20 SiPM analog
single-photoelectron pulses processed by the CPM motherboard,
at four different overvoltage (VOV) values, at 25 °C, and with the
detectors kept in dark conditions.

As expected, a linear trend of the pulse amplitudes is obtained as
a function of VOV. The final bias voltage for the SiPM detectors is
selected to ensure a 2.5-V overvoltage value, resulting from a rea-
sonable trade-off between the SiPM dark count rate, from one side,
and the SiPM single photo-electron amplitude (which must present
adequate signal-to-noise ratio) and PDE from the other side.
As an exemplary illustration, Fig. 12 reports the captured wa-

veforms related to one of the 20 SiPM analog signals, along with
the resulting digital pulses at the discriminator and multivibrator
outputs. In this case, a 50-mV threshold level is set by remotely
programming the specific DAC of the CPM motherboard. A step
width of about 60 ns is obtained for the digital signal, as expected,
and this duration is established in order to guarantee a correct
sampling by the back-end FPGA.



Fig. 10. PCB of the assembled CPM motherboard.

Fig. 11. Measurement results of the SiPM single-photoelectron amplitudes in dark conditions, at four different overvoltages, at 25 °C (VBD¼27.4 V).

2 http://www.advantech.com/products.
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4. Remote control system

Since the used photo-sensors require an adjustable power
supply section to compensate for variations of the SiPM intrinsic
characteristics, i.e. due to the temperature dependency of the SiPM
breakdown voltage, an electronic module enabling monitoring of
the SiPM temperatures and operating voltages is developed, also
allowing remote programming of the SiPM bias voltages for SiPM
gain stabilization.
The acquisition system for these housekeeping data relies on
robust, feature-rich, and cost effective multi-channel analog input/
output modules (ADAM 4015, 4017 and 4021 by Advantech2),
using a controlled microprocessor integrating an ADC converter to
turn Resistance Temperature Detector (RTD) signals and tem-
perature sensor voltages into digital data, and a DAC converter to
translate digital data set by the PC terminal into the desired SiPM

http://www.advantech.com/products
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Fig. 12. Scope screenshot showing one of the 20 SiPM analog signals and the re-
sulting digital pulses at the discriminator and multivibrator outputs.
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analog operating voltages.
The acquisition system for monitoring and setting house-

keeping data is schematically sketched in Fig. 14 for an entire lo-
gical detection plane. In particular, for each front-end electronics
of a functional module, an ADAM 4015 device is used to read the
temperatures provided by three PT100 sensors distributed along
the front-end case; besides, an ADAM 4017 module monitors the
output voltages of the LM60 sensors integrated in the FEPM boards
(from which their temperatures can be achieved) and the SiPM
bias voltage, whereas an ADAM 4021 unit is exploited to set the
desired operating voltage for the 200 SiPMs.

As 48 front-end boxes are used for the entire Muon Portal, 144
ADAM devices are adopted in total and connected together through
the so-called CAN-bus. The 144 ADAMmodules allow to set 48 SiPM
operating voltages and monitor 384 housekeeping data:

a) 144 temperatures coming from the PT100 sensors;
b) 192 temperatures coming from the FEPM boards;
c) 48 SiPM bias voltages.
Fig. 13. Schematization of the monitored and contro
Fig. 13 reports a schematization of the monitored and con-
trolled parameters related to each of the 48 detection modules,
that is, 3 temperatures read from the PT100 sensors through the
ADAM 4015 device (2 inside the case and 1 outside the case),
4 temperatures read from the LM60 sensors through the ADAM
4017 device, and 1 voltage read from the ADAM 4017 via the
connector in the CPM motherboard (monitoring the applied SiPM
bias voltage). The SiPM bias voltage in each FEPM is set by the
ADAM 4021 device through the CPM motherboard.

To manage remote housekeeping data communication over the
Internet, an additional ADAM 4570 module is employed for en-
capsulating serial data and transporting it over Ethernet, guaran-
teeing compatibility with legacy serial devices and permitting
remote control and backward software compatibility. An RS-485
multi-point serial connection allows to address each single device
to receive and transmit data.

The high-level software communicating with the ADAM mod-
ules and enabling data acquisition sessions is implemented in Java
language (version 1.8) using the NetBeans 8.1 Software Develop-
ment Kit (SDK). The application is designed in order to guarantee
the modularity of the detector architecture, and is able to elabo-
rate data and manage controls.

Figs. 15 and 16 illustrate the program masks for the monitoring
and control of housekeeping data. In particular, in the left panel of
Fig. 15 the main interface is shown, enabling acquisition and ac-
cessing the data related to all single front-end modules of a logical
plane. For each module, two checkboxes are envisaged both for
data acquisition and for logging into external files. The central
panel in Fig. 15, accessible by clicking on the relevant box button,
allows to monitor the temperature detected by three PT100 sen-
sors located inside the front-end case (TBox), along with four
temperatures provided by the LM60 sensors embedded in the
FEPM boards (TSiPM). Alarms are also managed and highlighted in
red for those temperatures out of a specific range (over 40 °C and
below 5 °C), implying anomalous sensor or cooling system op-
eration. The housekeeping tab in the right panel of Fig. 15 shows
the average temperatures of the LM60 sensors for each module,
excluding inconsistent temperature values. Through the “Load”
button of the mask in the left screenshot of Fig. 16, the SiPM op-
erating voltages to be applied are loaded from a text file and vi-
sualized on the screen for each box of a logical plane. The “VSiPM
on” button applies the set operating voltages to the SiPMs. The
same overvoltage value is applied to the SiPMs in the same front-
lled parameters for a single detection module.



Fig. 14. Simplified block diagram of the acquisition system for the housekeeping data of a logical detection plane. In total, for each logical plane, 36 ADAM modules are
employed.

Fig. 15. Dialog windows of the implemented software for data acquisition. In the left panel, the main devices tab including the buttons accessing the single box and SiPM
temperatures (central panel) of a logical plane. The right panel, shown by flagging the HK-monitoring checkbox in the main tab, depicts the average temperatures measured
on the SiPM boards. Alarms are also managed and highlighted in red in the relevant pop-up window. (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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end box according to the related breakdown voltage at 25 °C. An
on-the-fly voltage adjustment is performed for all SiPMs of a
whole logical plane. In addition, temperature compensation can be
also accomplished, in accordance with the measured SiPM tem-
perature coefficient (�32 mV/°C, resulting from the set-up and
measurement methodology in [23]). In particular, the ADAM 4015
and 4017 devices read serially the housekeeping data of each
module approximately every second (�48 s are required for
reading the housekeeping data of the 48 detection modules). The
four temperatures of the LM60 sensors in each module are aver-
aged and the bias voltage of the related module is set by the ADAM
4021 device according to the following relationship



Fig. 16. On the left screenshot, setting window for the configuration of the SiPM operating voltages, including the checkbox for temperature compensation. On the right
screenshot, SiPM operating voltages read on the CPM motherboard, very similar to the applied values.

Fig. 17. Mechanical assembly of an entire logical X-axis logical plane, including 6 front-end cases with 6 CPM motherboards and 60 FEPM boards with related control system.

Fig. 18. Front and upper views of a single front-end case including electronics, control devices and cooling system for a whole detection module.
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where T is average temperature of the four LM60 sensors, VBIAS

(25 °C) is the reference voltage at 25 °C, and VBIAS (T) is the applied
operating voltage which accounts for SiPM temperature compen-
sation, in accordance with the estimated SiPM temperature
coefficient.

In the right panel of Fig. 16, the applied SiPM operating voltages
are monitored to inspect any possible deviations.



TOP 

BOTTOM

Fig. 19. Thermography of a FEPM board inside the front-end box, pointing at different locations: a) near the SiPM read-out preamplifiers (top); b) in close proximity of the
SiPMs (top); c) near the SiPM read-out preamplifiers (bottom); d) in close proximity of the LM60 sensor (bottom).

Fig. 20. Schematization of the temperature sensors distribution in a single functional module during thermic tests (five LM60 sensors integrated in the FEPM boards, and
one external PT100 sensor close to the front-end case).
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At software start-up, all parameters of the serial interface
(number of port, data-bits, etc.), along with the SiPM operating
voltage settings are shown in a dedicated “Log” text area re-
trievable from the specific tab of the main interface window.
Fig. 21. Time evolution of the thermal curves related to a single front-end module
during operation, showing a temperature difference of �1 °C between the in-
tegrated LM60 sensors in a FEPM board.
5. Mechanical housing and cooling system

5.1. Mechanical structure

The bearing structure supporting the physical detection plans
and the set of electrical and mechanical systems has been realized
to ensure proper operation of all components, according to the
technical specifications required. In particular, the mechanical
design has been focused on the need to create a structure for an
easy assembly and guarantee lightness and rigidity. The detector
structure is made of carbon steel and is composed of horizontal
shelves and beams supported by square-section columns. The
modules, consisting of the scintillators in the X and Y directions,
are sustained by appropriate supports, which are actuated at the
moment when the plane is in its final (or defined) position; this is
accomplished in a fully automated way and through a special
system relying on linear guides. A system of sensors allows the
monitoring of the correct positioning of the module and reports a
possible anomaly. Fig. 17 reports a photograph of the mechanical
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assembly of an entire X-axis logical plane, constituted by 6 front-
end boxes with 6 CMP motherboards and 60 FEPM boards with
related control system. One of the complete front-end modules is
illustrated in Fig. 18, in both upper and front views, also showing
the adopted cabling and cooling systems.

5.2. Cooling system

The main source of heat in the FEPM boards comes from the 13
THS3201 operational amplifiers, absorbing �60-mW power each.
On account of the compact dimensions of the FEPM boards, pulled
together inside each front-end case, an efficient cooling system is
required to dispose of the heat and provide the SiPMs with an
optimal operating temperature.

Fig. 19 shows a few thermography screenshots of a FEPM board
inside the front-end box, acquired when pointing at different lo-
cations of the board. The hottest temperature, as expected, is de-
tected in close proximity of the THS3201 operational amplifiers on
both sides of the board. As a consequence, the temperature of the
SiPMs is strongly affected by their closeness to the amplifiers, so
that an effective cooling system is required to provide SiPMs with
an optimal operating temperature.

The front-end case being cooled has a convective flow of air
moving over its surface, due to the combination of four fans which
exchange heat with air. To ensure a uniform temperature inside the
box, temperature measurements are carried out using five of the
LM60 sensors in the FEPM and exploiting the acquisition system
described in the previous section. Fig. 20 sketches the location of the
temperature sensors (T1–T5) and cooling fans (V1–V4) used for
testing the time evolution of temperature in one of the functional
modules. An additional PT100 sensor is exploited to monitor the
environmental temperature outside the front-end case.

The thermal curves as a function of time are depicted in Fig. 21
for a number of 1800 acquisitions. Each acquisition is determined
by averaging 10 simultaneous temperature values. As shown, the
combined effects and positions of the cooling fans allows a good
temperature uniformity along the front-end case, with a maximal
deviation of about 1 °C between the LM60 sensors. Thus, the SiPM
temperature turns out to be only 3 °C higher compared to the
external environment.

Control of the SiPM operating temperature is particularly im-
portant to keep the dark noise contribution restrained, thus al-
lowing a good SiPM single-photoelectron resolution.
6. Conclusions and outlook

After an initial research and development phase and intense
construction activity, the Muon Portal Project has entered its in-
stallation phase. The used SiPM photo-sensors and the developed
front-end electronics have experimentally demonstrated the
functionality of each detection plane installed. A large amount of
simulations and tests on the detector planes are currently ongoing,
allowing the tracking and testing of cosmic particles to be per-
formed without the use of external scintillators. Due to the large
acceptance of the Muon Portal detector for cosmic rays, com-
plemented by a good angular reconstruction of the muon tracks
and the possibility to discriminate electrons from muon events,
this kind of detector is also foreseen to be employed for cosmic-ray
scientific studies.
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