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Abstract: The current scenario of radioactive waste management requires innovative and automated
solutions to ensure its effectiveness and safety. In response to this need, the Proximity Imaging
System for Sort and Segregate Operations (PI3SO) project was proposed. It is a gamma radiation
proximity scanner system for radioactive waste with the primary goal of speeding up some aspects of
the waste management cycle while reducing direct human operations. The system will provide prox-
imity imaging for hot-spot finding and spectral analysis for radiological characterization, enabling
semiautomatic recognition, sorting and separation of radioactive waste. The core of the proposed
scanning system consists of an array of 128 CsI(Tl) scintillators, 1 cm? size, coupled with silicon
photomultipliers (SiPMs), installed on a motorized bridge sliding along a suitable table in order to
scan the materials under investigation.

Keywords: gamma-ray scanner; hot-spot finding; gamma spectroscopy; radioactive waste management;
sort and segregate

1. Introduction

Nuclear power has played a significant role in global energy production for decades.
However, along with the benefits come significant challenges, one of which is the manage-
ment of radioactive waste from power plants still in operation or under decommissioning.
This waste is the inevitable by-product of the nuclear fuel cycle and nuclear power genera-
tion, as well as of any activity that makes use of radioactive material. In the current energy
landscape, the issue of radioactive waste has become a topic of great interest, with partic-
ular attention directed toward its (re)conditioning [1]. Reducing the quantity of harmful
radioactive waste and recovering previously classified nuclear material that can be used
again are the two main goals of reconditioning. Efficient nuclear waste management is a key
part of the mission to decommission and dismantle nuclear power plants, as the amount of
waste generated by decommissioning activities is substantial and continues to grow [2,3].
Currently, much of nuclear waste management relies on human operators wearing personal
protective equipment, such as gloves or air-fed suits, to manually dismantle equipment, or
on remotely controlled robots to cut waste [4-7]. This approach is labor-intensive and poses
significant safety and health risks to operators, as they must operate in close proximity
to the waste or rely on cameras to see what they are doing. Additionally, the skills and
understanding needed on the part of operators represent a large part of the present opera-
tional decisions. The big amount of existing nuclear waste and that expected from future
decommissioning processes pose a major challenge to the nuclear decommissioning pro-
gram. Reducing the costs and accelerating the implementation of decommissioning plans
require innovative solutions that allow waste to be moved more quickly and efficiently,
while keeping detailed records and ensuring the traceability of all operations and decisions
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made in the nuclear waste management process [8]. Monitoring and tracking every step of
the process is crucial to ensure regulatory compliance, transparency and accountability in
dealing with nuclear waste. A key aspect of possible innovative solutions is the focus on
operator safety, with a strong effort made to minimize direct human involvement in waste
management activities by making the best use of available technology [9]. This approach
not only improves the safety and well-being of the operators but also reduces the risk
of human error in waste identification and classification, especially in such challenging
nuclear-related environments [10].

Decommissioning radioactive facilities produces different categories of radwaste,
and its amount depends on the timing of the dismantling operations. Postponing it
may reduce the amounts of Intermediate-Level Waste (ILW) and Low-Level Waste (LLW)
while increasing the amounts of Very-Low-Level Waste (VLLW) that can be cleared from
regulatory control [11,12]. In order to rehabilitate nuclear sites in a safe and economical
manner that respects people and the environment, the steps to be considered involve first
of all the sorting and segregation of radioactive waste. Proximity Imaging System for Sort
and Segregate Operations (PI3SO) focuses on the (re)analysis of VLLW, LLW and ILW that
represent the vast majority of the radwaste, packaged into special drums and placed into
near-surface disposals [13].

In a context where radioactive materials are already locked up in drums, there is a need
for new technologies in order to sort and process them properly. These radioactive wastes
usually include gamma emitters of different activities. Gamma identification is very impor-
tant for managing radioactive waste because if radioactive waste is not properly managed,
it can release penetrating gamma radiation that is harmful to both the environment and
human health. To maintain safety and regulatory compliance, it is imperative to identify
and closely monitor these gamma emissions. Instruments called gamma sensors are used
to identify and quantify the gamma radiation that radioactive waste emits. Because of the
sensitivity and accuracy of these sensors, operators can closely monitor gamma emissions
and take appropriate safety precautions. To enhance radioactive waste management, more
focus is being placed on innovation and on the creation of gamma sensors that are more
sophisticated and dependable. Furthermore, gamma imaging technology is a significant
smart and innovative field for radioactive waste management research and development.
With the use of gamma imaging, gamma radiation sources within waste can be seen and
mapped, yielding precise data on the location and amount of radioactive materials [14-17].
This technology is useful for developing more efficient waste management methods as well
as for spotting possible leaks or contamination.

It is based on these assumptions that the PI3SO project, the object of this paper, was
conceived. The proposed tool is a system that can locate gamma-emitting objects with
high sensitivity and produce a corresponding image. Furthermore, the identification of
radioactive isotopes is made possible by PI350’s capability to conduct gamma spectroscopy.
On the basis of these features, PI3SO can be defined as a spectroscopic gamma radiation
scanner/imager system suitable for the quick semi-automatic sorting and segregation
of low- and intermediate-level radioactive waste. This operation is typically required
for the decommissioning of nuclear power plants, the packaging of radwaste and the
reconditioning of old radwaste in order to remove exempt waste from still activated
materials in the storage sites. Furthermore, an easy-to-handle automatic system can strongly
reduce the need for human operators close to activated materials, according to the As Low
As Reasonably Achievable (ALARA) criterion [18,19] (which means avoiding exposure to
radiation that does not have a direct benefit, even if the dose is small). Indeed, the three
main basic protective measures in radiation safety, namely time, distance, and shielding,
are likely fulfilled by the proposed tool.

Similar systems have been proposed recently, mainly focused on high-resolution
spectroscopy and thus relying on germanium detectors [6,7]. However, despite featuring
superior radioisotope identification, such a system has poor spacial resolution because of
the detector size, which has to be large (1”-2"). Moreover, the cost of a germanium detector
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and the related electronics is rather high; therefore, one makes use of a single detector
moved on top of the objects under examination, and this makes this kind of system rather
expensive and slow [7]. The much longer scan duration conflicts with the requirement
of rapid results, essential when in need of (re)conditioning a large number of radioactive
waste packages.

The approach followed in PI3SO is to make use of many small and inexpensive
scintillators, with moderate spectroscopic features, to increase the granularity and hence
the spatial resolution. As filling a wide area with many detectors would become expensive
and complex as well, a trade-off solution was chosen with the use of detectors arranged in
a linear array that can slide in one direction to cover the total active area to be scanned. The
net advantages of such a solution are speed, lower cost and good spatial resolution, albeit
at the price of a worse energy resolution: while the energy resolution worsens from a few
per mille to a few percent, the cost decreases by roughly one order of magnitude as well as
the typical scan duration.

The strength of the scanning system lies in its versatility and ability as a convenient
and affordable solution for the mapping and measurement of radioactivity. The prospect
of successfully operating in a wide range of contexts, and to quickly provide reasonably
accurate results, could make PI3SO a powerful ally in the monitoring and management of
radioactive waste. Moreover, it might be intriguing to consider other possible applications
this tool could offer in light of its versatility, which could reveal new perspectives and
opportunities for study and applications. In the following sections, a detailed description
of the main features of the PI3SO system will be provided, followed by a few illustrative
test results.

2. Materials and Methods

The implementation of the PI3SO system aims at two main objectives: to provide
proximity images, essential for recognizing radioactive objects, and to offer spectroscopic
information in order to investigate the isotopic composition of gamma-emitting hot-spots
by combining technological innovation and operational advantages.

2.1. The Mechanical Scanning System

The system features a thin and robust table made of a carbon fiber plate, supported by
an aluminum frame and reinforced from below by three additional thin aluminum beams,
on which the radwaste under investigation has to be placed. The overall dimensions of the
PI3SO prototype tabletop are 120 x 80 cm?. In order to cover the whole effective area with
1 cm? cross-section detectors, one would need several thousand elements, which would
be overly expensive and unrealistic. Indeed, this solution might sound effective but it
would require unsustainable costs for the detectors and the electronics, as well as complex
procedures for maintenance and handling. To overcome this challenge, the implementation
of an array of small detectors in a linear geometry, sliding along the table to cover the
sensitive area, sounded a more realistic solution. This strategy ensures complete scanning
of the sensitive area with a dramatic cost reduction at the price of increasing the scanning
time. A mechanical sliding bridge is implemented, which supports two linear arrays of 64
medium energy resolution gamma-ray detectors, each one of 1 x 1 x 1 cm3 size. The two
arrays are placed over and beneath the table, with the bridge sliding forward /backward
along the horizontal direction to span the length of the table (Figure 1), with an effective
scanning area of 108 x 64 cm?.
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Figure 1. (a) Top and (b) bottom views of the PI3SO gamma-ray scanner table. Here, 4 + 4 ribbon
cables for the signals from the 128 detectors are visible, along with the data acquisition and power
supply electronics installed under the table.

The table was designed and built to our specifications by a local company, which
provided a general purpose software tool, a set of software primitives and a driver in order
to enable us to develop (and maintain) our own application according to the required
scanning sequences. The general purpose tool (Figure 2) was employed for all the tests
described in this paper, while a dedicated software application that fully integrates the
mechanical motion, data acquisition and display is currently being developed.
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Figure 2. Screenshot of the control panel of the general purpose tool for the mechanical motion.

The moving bridge is driven by two belts located at the sides of the table and syn-
chronously propelled by a stepper motor. The upper detector array is installed on the
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bridge by means of an up/down movable arm, so that the scanning of vertically extended
objects up to 30 cm is possible. The speed of both the horizontal (bridge) and vertical (arm)
motion can be freely chosen between 0.5 and 54 mm/s.

The two detector arrays can be moved to traverse the table surface, acquiring data
according to a freely defined stepping scheme. For instance, one can decide to move the
bridge in fixed steps (e.g., 10 mm) with a predefined data acquisition time interval or until
a predefined minimum number of counts is reached, according to prescribed statistical
parameters. Or else one can opt for a slow continuous scan across the full area or part of it.
Once a first quick scan is performed, on the basis of the two count rate data images, one
can define a region of interest (ROI) and start a longer spectral measurement on a selected
area to (try to) identify the gamma emitters. The sliding bridge is also equipped with an
optical proximity sensor, which prevents collisions with prominent objects on the table,
and the software has the capability of lifting the vertical arm until the possible collision
condition is removed and the scan can continue.

The capability to provide double view proximity images, which is made possible by the
top and bottom linear arrays operating simultaneously, is an essential feature of this linear
scanner system, making the visual data more functional. Additionally, a camera mounted
above the system takes images in visible light that, when compared with gamma images,
provide a comprehensive view that is helpful for identifying objects while pinpointing
radioactive hot-spots. For a more in-depth analysis, the scan duration can also be increased
to help detect very-low-activity hot-spots and/ or filter specific isotopes by selecting their
gamma energy peaks and facilitating the creation of additional spectroscopic pictures.

The decision to employ the double scanner array was not made at random: with the
aim of providing a more complete observation of the gamma-emitting objects, we chose
the double detection configuration. Indeed, flat objects like flanges or metal plates could
exhibit radioactivity on one side only, thus being partially self-shielded, or there could be
thick metal plates covering (shielding) radioactive items. The double view imaging should
overcome this kind of inconvenience.

2.2. The Detectors

The main guideline of the project was to use well-known materials and properties in or-
der to obtain small, inexpensive, robust, easy-to-use and reliable detectors, avoiding overly
sophisticated technologies that would have led to expensive and delicate components. The
system relies on count rate measurement, hot-spot finding and gamma spectrometry to
locate, identify and characterize radioactive objects scattered on the table, i.e., determine
where, what and how much.

In this context, a series of radiation detectors suitable for measuring gamma rays was
required. To be suitable for mass deployment, these detectors must be robust, reasonably
inexpensive, compact, and reliable. There are a wide variety of devices and techniques on
the market, generally of relevant cost and thus unsuitable for fast, cheap and easy-to-handle
gamma-ray detection and for mass deployment. One of the most convenient methods
adopted for the detection and spectroscopy of gamma radiation is the use of scintillators,
i.e., materials that produce so-called scintillation light when hit by radiation. The main
features required for a scintillator are as follows:

Good scintillation efficiency to transform the radiation energy into detectable light.
Linearity, i.e., the light yield ought to be proportional to the deposited energy over as
wide a range as possible.
The induced luminescence decay time should be short enough to prevent a pile-up.
The material has to be transparent to the wavelength of its own emission and possess
good optical quality and uniformity.

e  Iis refractive index should preferably be close to that of glass (~1.5) to ease the optical
coupling to photodetectors, which convert the light pulses into electrical ones.

The widespread use of scintillators in radiation detection and spectroscopy comes
from their ability to offer a rapid and accurate response to radiation, making them key
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instruments in a wide range of applications. However, scintillators alone are not sufficient
for radiation detection. In fact, this would be impossible without the availability of devices
to convert the extremely weak light output of a scintillation pulse into a corresponding
electrical signal. In order to do that, photomultipliers are employed. Currently, two
types are mainly used: photomultiplier tubes and solid-state photomultipliers. For the
purpose of photon detection, in this project the interest focused on silicon photomultipliers
(SiPMs) [20-23]. This device consists of an array of identical, independent photodiode cells
of micrometric size with the output terminals connected together. The cells are inversely
polarized, slightly above their breakdown voltage, in order to operate in the Geiger regime.
In this way, the common output signal is the analog sum of the signals from the independent
cells, and the SiPM operates as a quasi-digital photon counter, the characteristic feature
of which is the sensitivity to individual photons. Whenever a visible photon interacts, it
creates an electron-hole pair in the conduction band; the electron and the hole start moving
in the high electric field toward electrodes of opposite polarity. Because of the surge, the
electron, whose mobility is higher, may have enough kinetic energy to strike and release
other electrons, thus generating an avalanche. To prevent a full breakdown and burning of
the device, each cell is inherently protected by a built-in quench resistor that temporarily
lowers the effective voltage by turning off the device and effectively stopping avalanches.
The number of electrons produced in response to a photon interaction is known as the
gain of the SiPM. Therefore, one photon releases one electron, which in turn produces
an avalanche of n (i.e., gain) overall electrons corresponding to the charge stored in the
cell capacity. The gain, or avalanche multiplication factor, is contingent upon the bias
voltage and the signal that is produced is quasi-digital, meaning that it is the result of
superimposing several identical signals, one for each triggered cell (either by photons or
even by internal noise). Depending on the device size, the SiPM usually has thousands or
tens of thousands of cells. The different kinds of SiPMs on the market currently range in
size from 1 x 1 mm? to 6 X 6 mm?.

The choice of the scintillator fellona 1 x 1 x 1 cm? inorganic crystal unit made from
thallium-doped cesium iodide (CsI(T1)). It is well known for its high-quality detection prop-
erties in terms of the detection efficiency, light yield, and energy resolution at reasonable
cost, which represents a convenient option for gamma counting and medium resolution
spectroscopy [24,25]. The chosen size is a trade-off between the gamma detection efficiency
and the desired position resolution. Table 1 lists the main characteristics of the CsI(TI)
scintillator material.

Table 1. The main characteristics of the CsI(T1) scintillator material.

Property Value
Density 451g/ cm?
<Z> 54
Attenuation coefficient at 662 keV 0.36 cm™1!
Light yield 60 photons/keV
Energy resolution at 662 keV 5-10% FWHM
Primary decay time constant 960 ns
Wavelength of max emission 550 nm
Refractive index at 550 nm 1.79

Costof 1 x 1 x 1 cm? crystal ~EUR 30

The chosen SiPM was the Multi-Pixel Photon Counter (MPPC) S14160-6050HS pro-
duced by Hamamatsu, which has a 6 x 6 mm? area with 14,331 microcells and basically no
dead frame around the active region [26]. Taking advantage of the SiPM features, along
with those of the CsI(Tl) scintillating crystal, a full set of gamma-ray detectors was devel-
oped to be arranged in the form of two linear arrays for the scanner. The 128 detectors were
assembled into groups of 16 for a total of 8 groups. Each group was encapsulated into a
matrix made of white reflective resin. Each scintillator crystal was optically coupled via
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(a)

one of its faces to an SiPM by means of a silicone grease with a refractive index n ~ 1.5.
The SiPM response down to single optical photons allows for optimal sensitivity to gamma
radiation, particularly when using small scintillators. In order to prevent external light
crossing the white resin and blinding the SiPMs, a cover was 3D-printed in black plastic
and lined internally with 200 pm thick black tape. A printed circuit board was designed,
which hosts sixteen SiPMs along with their simple polarization and readout networks. The
bias voltage, unique for all the SiPMs, can be provided via either one of two connectors
placed on the board sides. A central dual-in-line 34-pin connector provides the sixteen
output signals. The choice of using a single bias voltage for the SiPMs was made in order
to simplify the overall system structure and reduce the costs, at the price of having slightly
different electronic gain channel by channel. However, having identical gain would not be
possible anyhow, even if fine-tuning the individual bias voltages; therefore, a channel by
channel energy calibration represents an effective solution. An even stronger simplification
at the moment consists of providing only two bias voltages, to the top and the bottom SiPM
arrays, respectively. Figure 3 shows a sketch of the detector assembly, Figure 4a a real view
of the components of one detector group, and Figure 4b the eight groups assembled and
ready to be installed on the sliding bridge.

Figure 3. (a) Coupling of an SiPM (blue) with the CsI(Tl) crystal (green) surrounded by the reflective
resin case (grey). (b) Exploded view of the electronic board hosting 16 SiPMs, the group of 16 scintil-
lators, and the external light shield. (c) Assembled view of one group. (d) Sketch of one linear array
made of four groups fixed on a support rod.

(b)

Figure 4. (a) Real view of the detector group components: the electronic board hosting 16 SiPMs, the
16 scintillators encased in white reflective resin, the black external light shield. (b) The 8 detector
groups assembled and ready to be installed on the sliding bridge.
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2.3. Data Acquisition Electronics

The front-end and data acquisition are handled by two 64-channel digital signal pro-
cessors for radiation detectors, namely VX2745 digitizer modules produced by CAEN [27].
This instrument offers excellent performance and is capable of digitizing and recording
waveforms if needed, but mainly and more importantly it is capable of performing multi-
channel analysis for nuclear spectroscopy with many different types of detectors, including
scintillation detectors. Each channel digitizes the analog input signal with a 16-bit analog-to-
digital converter (ADC) running at 125 MSample/s. The digital pulse-processing sequence
is managed by an onboard Field Programmable Gate Array (FPGA) at the firmware level.
Depending on the specific configuration and acquisition mode required by the end user,
different types of firmware can be loaded into the digitizer. The firmware selected for
PI3SO was the charge integration one. The two digitizers are operated in free-running
mode, i.e., each channel is self-triggered whenever its input signal overcomes a predefined
threshold. On a trigger occurrence, the module integrates the signal charge on the involved
channel with a programmable integration gate that at the moment was selected as 20 ps.
Several programmable parameters make it possible to take care of the baseline fluctuations
and other possible inconveniences, ensuring that only relevant signals are captured and
analyzed, thus optimizing the digital results. The data acquisition software employed for
the current phase and tests was COMPASS [28]. It will not be the final software for PI3SO,
as it does not foresee a way to integrate and synchronize with the mechanical motion of the
bridge. A simpler dedicated software package is currently under development to enable the
integrated management of the full system, from the scan to the data acquisition and display.
All the current data discussed in this paper have been acquired by manual synchronization
of the independent software for the scan motion and the data acquisition.

3. Results
3.1. Single Detector Features

Before starting to build PI3SO, a set of preliminary tests had been conducted. The
tests involved gamma radiation measurements with detector elements identical to those
used in the final system. These tests are described in ref. [24], which concerns a proof of
principle square detector array, and in ref. [25], which details how a single detector was
installed on a small robotic vehicle for a quick dose rate measurement in the framework of
the CLEANDEM EU project [29]. In the latter case, the gamma radiation counting in the
environment during the robot motion makes it possible to calculate the dose rate, while the
spectroscopic information helps to possibly identify the emitting isotopes.

The SiPM employed for PI3SO is different from the one in refs. [24,25], having a
smaller number of microcells (14,331 vs. 18,890) and a higher photon detection efficiency
(PDE) at 550 nm (~35% vs. ~18%). In light of this, the time behavior of the number of
active microcells during the light signal development had to be verified in order to make
sure that the SiPM output signal would not undergo linearity loss due to multiple microcell
hits or an excessive number of inactive microcells in recharge after being hit.

The time evolution of the number of detected photons was calculated under the
(strong) hypotheses of 2 MeV energy deposited into the crystal by a gamma ray and all
the scintillation light conveyed onto the SiPM. A time step of 5 ns was used, and the
multiple hit probability and the effective number of available microcells at each step were
taken into account. The microcell recharge time was assumed to be 92 ns according to
ref. [30]. Due to the small number of impinging photons per unit time, the effect of multiple
hits and cell recharging was negligible, as can be seen in Figure 5, where the number of
expected ideal photon hits (dPh/dt-At) is basically indistinguishable from the calculated
number of microcells successfully fired. Indeed, the calculation showed that the largest non-
linearity is expected to occur ~100 ns after the beginning of the exponentially decreasing
light signal. However, even though at that time the number of operational microcells has
decreased from 14,331 to ~10,400, the number of ideal hits expected during that time step
is 197 versus the effectively fired 195 microcells. Finally, by comparing the two integrals
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over the signal duration, one determines that the loss of linearity due to the finite number
of SiPM microcells (multiple hits) and to microcells unavailable during their recharge is less
than 0.5%. This, in light of the strong initial assumptions (2 MeV and total light conveyed
to SiPM), basically means that the detector does not suffer from non-linearities due to the
intrinsic SiPM behavior.

250 7 30,000
e # ideal hits i
- #flreq cells i 25,000
200 — # available_cells 1
= 1 20,000
'u r
@ 150
= i
T 15,000
3 ]
T
< 100 ]
2 10,000
[}] J
(%)
3
50 1
1 5,000
0 0

Figure 5. Calculation of the time evolution of the SiPM response under the assumption of 2 MeV
deposited into the crystal and all the scintillation light conveyed onto the SiPM. See the text for details.

The linearity up to ~2 MeV was experimentally proved in ref. [25] by exposing the
single detector to seven different gamma sources (see Figure 6) and fitting the position of
sixteen different peaks. The energy resolution at the 662 keV peak of a '3’Cs gamma source
was observed to range between 5% and 9%, depending on the SiPM gain, on the front-end
electronics, on the analog to digital conversion technique, and mainly, on the stability of
the bias supply. The spectroscopic features of the detector, with the observed values for the
energy resolution, make it a useful tool for a coarse identification of the gamma emitting
isotopes, at least for the commonly expected ones like 137Cs, ®°Co and 2! Am.

108
— 241Am
\“\\/V — 207Rj
104 | — 80Co
— 137Cs
— 2Na
108 ; \./'\\ __ 226Rg
%)
= 133
5 .er’) \ — 133Ba
8
102 4
\
|
" W

i ‘l‘||||1 ‘ ‘ i

0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400
Energy [keV]

Figure 6. Calibrated spectra of seven different gamma sources obtained with a single detector [25].

3.2. Characterization of the 128 Detectors

In this section, we report on the energy resolution of each individual detector when
operated with a common bias supply in order to assess their uniformity of behavior. In
order to test and characterize the modules, three different point-like gamma-ray sources
were used. The characteristics of each source are shown in Table 2.
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Table 2. Characteristics of the three point-like gamma-ray sources used for the tests.

Source Peak Energy [keV] Activity [kBq]
22Na 511, 1274 15.4
60Co 1173, 1330 56.0
137¢g 662 1400

The eight boards of Figure 4b, as denoted from SNO1 to SN04 and from SN05 to SNO0S,
each one incorporating sixteen individual detectors, were loosely fixed on two cardboard
sheets in a roughly square arrangement and placed one on top of the other. Figure 7 shows
this arrangement, although only four boards are visible.

VUL R
i
Figure 7. Arrangement of the detector boards for the energy resolution tests.

A bias voltage of 41.3 V was chosen for all the SiPMs, corresponding to 3.3 V overvolt-
age (i.e., over the breakdown), and used for all the subsequent tests. Three measurements
were performed, with the three gamma sources in turn placed at the center of the squares,
and the corresponding 3 x 128 spectra were acquired. The duration of each run, listed in
Table 3, was long enough to have at least 10° to 10° total counts in each detector.

Table 3. Duration and average counting rates for the three calibration measurements.

Duration Average Counting Rate
Source [s] [s—1]
22Na 20,779 13.2
0Co 52,590 22.9
137¢Cg 4442 273.3

Three sample spectra, namely from detector number 120, are shown in Figure 8 and
were normalized to a total integral of 10,000 in order to show them on the same vertical
scale. The calibration of each detector was performed using the five peaks from Table 2
for a linear fit and proved to be fairly linear, as visible in Figure 9, where we report the
correlation coefficient R? for each detector. Figures 10 and 11 show the angular coefficient
m and the offset q for each detector as resulting from the fit. We remark that the values of
the m coefficients for the detectors of boards 5-7 are slightly higher (Figure 10), and this
is likely due to a slightly higher voltage bias, and consequently, the higher gain, for these
boards. As a further cross-check of the calibration, for each detector we noted the resulting
centroid energy of the Compton backscattering peak from the 511 and 662 keV gamma
rays, expected at 170 and 184 keV, respectively, and reported them in a plot as a function
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of the detector number (Figure 12). In Figure 13, we show a 3D representation of the
128 calibrated spectra obtained with the ?>Na source in the arrangement of Figure 7 in order
to better visualize the goodness of the outcoming energy calibration. The same plots made
with the '¥Cs and ®’Co sources are shown in Figures 14 and 15, respectively. Looking
at these plots, one can see a hint of periodic behavior, as expected from the geometric
considerations regarding the different distances of individual detectors from the source
placed at the center. This is clearly shown in Figure 16, where we plot the integral counting
rate as a function of the detector number for the three sources, along with the solid angle
subtended by each detector, assuming the perfect square arrangement of the boards.

45
40 — 137Cg
— 2Ng
35 F
— =i60G0o
£ 30
g spectra normalized to
<\_>25 - 104 integral counts
7]
520
3
15 F
10
5
0 PR S T T T T T S T S N ST SN S S S " A P T S TR . il .
0 200 400 600 800 1000 1200 1400
Channels

Figure 8. Sample spectra (detector n. 120) measured with the three sources and calibrated in energy.
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Figure 9. Correlation coefficient R? for the energy calibration fit versus the detector number.
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Figure 10. Angular coefficient m for the energy calibration fit versus the detector number.
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Figure 11. Offset q for the energy calibration fit versus the detector number.

We determined the energy resolution of each detector as the full width at half maxi-
mum (FWHM) of the reference '¥Cs peak at 662 keV. The values, as usual, were obtained
by first fitting the peak with a Gaussian and then multiplying the resulting sigma value by
2.35. The resolution as a function of the detector number is plotted in Figure 17, where we
observe a reasonable overall trend of around 7%, with a fraction of the detectors having
a worse resolution, which never exceeds 9%. Remarkably, such energy resolution values,
along with the full energy peak reconstruction at least up to 2000 keV, sound quite encour-

aging in light of the small 1 cm? crystal size and the even smaller 6 x 6 mm? active area of
the SiPM.
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Figure 12. Energy calibration cross-check for the 128 detectors: the resulting centroid energy of the

Compton backscattering peak for the 511 and 662 keV gamma rays, expected at 170 and 184 keV,
respectively, as a function of the detector number.
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Figure 13. The 128 calibrated spectra obtained with the ?*Na source in the arrangement in Figure 7.
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Figure 14. The 128 calibrated spectra obtained with the 13’Cs source in the arrangement in Figure 7.
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Figure 15. The 128 calibrated spectra obtained with the ®’Co source in the arrangement in Figure 7.
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Figure 16. Total counting rate as a function of the detector number for the three sources. The solid
angle subtended by each detector is also plotted, assuming the perfect square arrangement of the
boards in the calibration setup.
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Figure 17. Energy resolution as a function of the detector number, determined as the FWHM of the
662 keV peak of 1¥Cs.
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3.3. Scanner Tests

The eight detector boards were then assembled into two linear arrays, as in Figure 3d,
and fastened on the scanner bridge by means of two small holes on each board through
which the fixing screws were inserted. Boards SNO1 to SN04 were arranged on the upper
arm and SNO5 to SNO8 on the lower one, in both cases from left to right. The minimum
distance between the top detectors and the table surface was 2.5 cm to allow for the source
boxes” height. The fixed distance between the lower detectors and the table was 2.1 cm by
construction, but a modification to reduce it to a few mm is under way. The power supply
unit and the data acquisition electronics were placed below the table. Extra care was taken
to prevent any mechanical interference between the cables and the moving bridge.

In order to test the scanner, we started by acquiring a fifteen minute background scan,
which resulted of the order of 5 counts/s in each detector, and the corresponding images
are shown in Figure 18. We remark that in all the images shown in the following, the
background was subtracted. We then placed the three gamma sources listed in Table 2 on
the table in three predefined positions, as indicated with crosses in Figure 1a, approximately
at coordinates (72,32), (31,54), (15,10) (Figure 19b). The sources were located in thin plastic
boxes, and the vertical distance between the source and the detector array was 14 mm
(top) and 33 mm (bottom), respectively. A scan of fifteen minutes at a constant speed was
programmed, i.e., 8.3 s/cm (sliding speed of 0.12 cm/s), which we deemed could provide
more than reasonable counting statistics. In Figure 19a,c, we show the results of the scan,
both for the top and bottom views, along with the corresponding picture of the setup.
Indeed, these are raw data, with the same numerical threshold set for all the detectors. For
a more refined analysis, one could use energy-calibrated data and impose a threshold in the
energy. Nevertheless, even with raw data, the presence of the three hot-spots is outstanding.
We remark that the plot binning is 1 cm on the Y (i.e., the detector size), whereas it is
1 mm on the X (the sliding direction). A dedicated one-minute data acquisition was then
performed on the position of each detected hot-spot, and the resulting spectra are shown in
Figure 20.

(b)

Figure 18. Background images, i.e., from a scan without sources. (a) Top view. (b) Bottom view.
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Figure 19. (a) Result of the gamma scan with the three sources, top view. (b) The three sources placed
on the table. (c) Result of the gamma scan with the three sources, bottom view.
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Figure 20. Spectra from three dedicated one-minute data acquisitions on the three detected hot-spots.
(a) ¥7Cs. (b) ®°Co. (c) 2Na.

A second test was performed by placing a 1 cm thick lead plate on top of the 137Cs
source, and the resulting plots are shown in Figure 21. The hot-spot in the top view is
strongly reduced, even though it is still the most intense, as expected, as can be better
appreciated in Figure 22, where the top view plots, with and without the lead shield, are
shown in a linear scale in a 3D representation. The expected transmission through the
lead plate is not easy to evaluate, as the attenuation coefficients provided by NIST [31] are
provided for an ideal pencil beam, whereas in our case the radiation comes from a close
point-like source. Nonetheless, from the data collected in the 1 x 1 cm? pixel reporting
the maximum number of counts, we calculated the transmission of the '¥Cs gamma rays
with three different approaches and compared the results with the value deduced using the
NIST mass—energy absorption coefficient [31]. In the first approach, we simply calculated
the ratio between the integrals of the two spectra. Then, we calculated the same ratio but
limiting the integral to the 662 keV peak area. The third approach was to calculate the
total deposited energy by summing the energy bin by bin, weighted with the number of
counts in the bin. The results, listed in Table 4, show measured values that are basically
self-consistent, while there is a difference with respect to the NIST value, which is likely due
to the difference between the real and ideal geometry. Indeed, a fraction of the radiation
ideally destined for the pixel is scattered away while crossing the lead plate and thus is not
recorded in the pixel itself, lowering the measured transmission value.
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Figure 21. Result of the gamma scan with the three sources and a lead plate (a) Top view. (b) The
three sources placed on the table, the lead plate onto the 13Cs source. (c) Bottom view.

Figure 22. (a) Top view plot for the scan without the lead plate, in a linear scale in a 3D representation.
(b) Same plot for the scan with the lead plate.

Table 4. The 137Cs gamma-ray transmission through the 1 cm lead plate, as measured with three
approaches and calculated via the NIST table [31].

Lead Transmission Error

Spectrum integral 41.8% 0.5%

662 keV peak area 40.6% 1.2%

Deposited energy 41.8% 1.9%
Calculated via NIST pen 50.2%

As in real applications the speed can be a relevant requirement, we also tested the
data quality at a ten times faster scanning speed, i.e., with a total duration of 1.5 min. In
this case, in order to improve the statistics, the plots were also binned at 1 cm along the X
(sliding direction). We obtained basically the same images with worse statistics, but the
hot-spots are still recognized, as - can be seen in Figure 23 for the free sources scan and in
Figure 24 for the case when the lead plate was on the 'Cs source.
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Figure 24. Result of the 1.5 min gamma scan with the lead plate on the '37Cs source. (a) Top view.
(b) Bottom view.

For both 15 min test data, we cut an X and a Y slice, 1 cm wide, on the maximum
of each hot-spot, obtaining the 6 x 2 x 2 corresponding bell-shaped curves shown in
Figure 25: six X and six Y profiles, from scans with and without lead, in the top and bottom
views. The difference between the scans with and without the lead plate on the *’Cs source
is evident in the top views. All these curves were fitted with Gaussian functions, and the
resulting values are listed in Table 5. Remarkably, the uncertainties are roughly between 2
and 3 cm, and they are of the same order as the distance from the sources.
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Figure 25. Plots of 1 cm wide slices cut on the maximum of each hot-spot for the two scans with and
without the lead plate on the 137Cs source. (a) In the X direction, top view. (b) In the X direction,
bottom view. (c) In the Y direction, top view. (d) In the Y direction, bottom view.

Table 5. Position and uncertainty resulting from Gaussian fits on the curves in Figure 25.

X [em] Y [cm] oX [em] oY [em]
137Cs free, top view 15.1 9.6 3.2 2.7
137 Cs free, bottom view 15.4 11.6 3.8 3.2
22Na free, top view 71.7 31.8 3.2 2.8
22Na free, bottom view 71.7 32.8 3.7 3.3
60Co free, top view 30.8 54.2 3.2 2.8
0Co free, bottom view 30.7 54.3 3.6 3.0
137Cs 1ead, top view 15.0 9.6 2.5 2.1
137Cs lead, bottom view 15.4 11.6 3.7 3.1
22Na lead, top view 71.9 31.8 3.1 2.7
22Na lead, bottom view 71.9 32.7 3.6 3.2
0Co lead, top view 30.8 54.2 2.9 2.8
60Co lead, bottom view 30.8 54.3 3.7 3.2

4. Discussion

The data obtained during the characterization of the detectors make it possible to
provide a reasonable estimate of the minimum detectable activity (MDA) for a single
detector element. To this end, we referred to the 662 keV gamma rays from a point-like
137Cs source and assume an average background rate of about 5 counts/s, as measured with
the employed low threshold (Figure 18). We also assumed that the background is previously
evaluated in ten seconds, whereas the count data are collected during one second. The
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gamma interaction probability in 1 cm of CsI(T1) is about 0.3 and the geometrical efficiency
is a function of the distance between the source and the detector. The MDA values at
the 95% confidence level (in Becquerel) were calculated for several distances by means of
Equation (1) [32-34],

3+43.29- Rb.ts.(l I %)

MD Agso, = EC ey
S

where

Ry, = background count rate assumed 5 counts/s,

ts = sample count time assumed 1 s,

t, = background count time assumed 10 s,

E = detector efficiency in counts/decay, i.e., 0.3 times the geometric efficiency that
varies with the distance,

C = conversion factor to other units, in our case it is 1.

The results are plotted in Figure 26. At a 10 cm distance, the MDA is about 32 kBq,
whereas at 0.5 cm, that is when the detector is very close to the carbon fiber plane, it
becomes about 200 Bq. This configuration will be made possible in the near future when the
bottom detectors will be reassembled in an improved mechanical setup closer to the plane.
We remark that these numbers refer to a single 1 cm® detector and a point-like unshielded
source, just to provide some reference figures. In case of a longer sampling time, e.g., 10's,
the MDA improves as also shown in the figure.

10° g
108
% S-Activity upper limit
107 -©-MDA 1s sampling
= -A-MDA 10s sampling
> 106 k X exp activity upper limit
% % exp MDA 1s sampling
< 105 % exp MDA 10s sampling
100 |
i X
108 |
102 |
10 [ " L L 1 " " L 1 L " M 1 L " M 1 M L " 1
0 2 10

4 6
Source-detector distance [cm]

Figure 26. Operational range of a 1 cm® CsI(T1) detector, between minimum detectable activity and
activity upper limit, as a function of its distance from a point-like 1¥Cs source. The points with
crosses are experimental values for a short distance (see the text). Shown are two cases with a 1s and
10 s sampling time, respectively.

However, when the detector is closer to the source, the effective average thickness
seen by the radiation decreases due to incident angles far from 90°. This leads to an
interaction efficiency less than the above-mentioned value of 0.3, and the effect can be easily
appreciated by looking at the measured counting rates. Indeed, starting from the measured
counting rate at 14 mm (top detector) and 33 mm (bottom detector), we calculated the
expected source activity using an interaction efficiency of 0.3. The results were 0.6 MBq and
1.28 MBgq, respectively, to be compared with the real activity of 1.4 MBq. In order to obtain
the real activity, one has to assume interaction efficiency of 0.13 and 0.28, respectively. The
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corresponding MDA values are 2284 Bq at 14 mm (765 Bq with 10 s sampling) and 5357 Bq
at 33 mm (1795 Bq with 10 s sampling).

We do not claim these MDA values to be exact, but they can be taken as a reference
and prove that a scan of about 1.5 min (i.e., =1 s/cm) makes it possible to successfully
detect gamma hot-spots with activity in the order of 2000 Bq. The top—bottom dual scan can
account for vertically extended radioactive objects by looking at the difference in the counts
between corresponding positions. Considering that even a 1 cm thick lead plate does not
suppress but only attenuates the 662 keV radiation by about 50%, we are planning for
possible coarse 3D reconstructions of the radioactivity though with some large uncertainty
in the vertical direction.

Another limitation of the system could be the limited high-rate capability. Indeed,
the 20 ps integration time we employed can be reduced to 5 us with little influence on
the energy resolution, thus implying an upper limit in the order of 100,000 counts/s. By
means of the previous calculation, we were able to translate this limit into an ideal activity
upper limit as a function of the distance and we plotted it in Figure 26 as well. The same
considerations regarding the reduced interaction efficiency at a short distance produce here
a benefit, because it raises the activity limit at a short distance to a few 107 Bq.

This limit can be improved if one releases the constraint on the energy resolution
and employs an even shorter integration gate, or if one makes use of a faster scintillator
(e.g., BGO) and gives up on the gamma-ray identification. We are also planning for some
development and tests of this strategy.

In light of the high-quality results obtained with small CsI(T1) crystals coupled to
the SiPMs, both in single and in multiple units, and strengthened by the rather low cost
(crystal + SiPM about EUR 80), we envisage opening up a field of possible applications.
The first one we plan to face could be the monitoring of spent fuel in the cooling pools for
safeguarding operations. Indeed, a set of detectors shaped as a “collar” could be assembled
into a waterproof box and installed on a vertical sliding arm to scan the full length of the
fuel rod assemblies to verify their integrity and historical self-consistency.

5. Conclusions

The PI3SO project at INFN Laboratori Nazionali del Sud was discussed. A low-cost
solution was proposed for a spectroscopic gamma-ray-scanning system that maps and
locates gamma-emitting radioactive hot-spots by producing space-resolved proximity
images from above and below an operational table. A mechanical sliding system and a full
set of radiation detectors was designed and optimized for this task. The preliminary system
tests showed remarkable mechanical capabilities in terms of the speed and programmability.
The developed gamma radiation detectors were confirmed to be reliable, with a good energy
resolution and sensitivity. The minimum detectable activity was quantified as a function
of the distance from the detectors, as well as the activity upper limit, and looks quite
promising in view of the possible mechanical improvements and/or detectors’ replacement
with faster ones if required. We are also confident that this work can pave the way for
several possible modular applications of our single detection element in the fields of safety,
security and safeguards.
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