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Abstract The measurement of the response function of the CsI(Tl) scintillators of the FARCOS array, to standard sources, cosmic
rays and environmental background allows the assessment of their performance. Fast–Slow analysis discriminates between γ -rays
and charged particles. The relatively good energy resolution allows the observation of well resolved escape peaks due to the interaction
of the 4.44 MeV γ -ray generated by AmBe source. Furthermore, the small noise enables to discriminate from the background the
annihilation 511 keV γ -rays of the 22Na source. The energy loss of muons generated by cosmic rays has been also measured and the
radioactive contaminants as 137Cs, 40K and 208Tl have been identified. The quality of the detectors suggests the possibility to use the
array also for the measurement of γ -ray decay in reactions induced by stable and radioactive beams, once a well-defined reaction
channel has been identified. Moreover, a dedicated compact detection module as a portable, high efficiency radiation detector for
the control of environmental contamination will be developed.

1 Introduction

Cesium iodide detectors are very versatile, relatively low-cost scintillators, widely used in nuclear physics to obtain thick calorimeters
able to stop fast charged particles [1–3]. The pure scintillator is a quite fast, radiation and mechanical hard detector [4, 5]. Adding
Thallium as doping agent, on the one hand slows the scintillation mechanism, on the other hand enables the charge and mass
identification of the detected particles via the well known Fast Slow identification technique as [6–11]. Indeed, the relative contribution
of the two components of the light emission in the crystal changes depending on whether γ -rays or charged particles are detected.
Many detector arrays were built exploiting this possibility, and various techniques were developed to identify charged particles
with different electronic chains [8, 12–14]. A new array named FARCOS (Femtoscope ARray for COrrelations and Spectroscopy)
[15, 16] has been recently built with the main purpose to perform particle-particle correlation measurements. The FARCOS array
consists of 20 telescopes, each of them made of two stages of Double-Sided Silicon Strip Detectors (DSSSD), with 32 × 32 strips,
2 mm pitch, covering a 64 mm × 64 mm active area, and features an angular resolution in the detection of charged particles of
about 0.1◦/pixel when placed at 1 m from the target. The telescopes are completed by four CsI(Tl) crystals, with a 32 × 32 mm2

front surface and a lenght of 60 mm, needed to totally stop high energy particles. The identification capabilities of the CsI(Tl)
scintillators are well suited to discriminate in mass and charge particles up to Z � 4 − 5 and γ -rays. In this paper, the merit of the
FARCOS CsI(Tl) in the detection of low energy γ -rays (below 10 MeV) has been probed with a good energy resolution suitable
to highlight the presence of radioactive contaminants in the environment. This result is achieved even though the dynamics of the
used front end electronics was designed for the detection of high energy particles (100 MeV Silicon-equivalent). The measured
detector performances are relevant to experiments both in applied and nuclear physics. Following the excellent results shown in this
paper, the design of a compact modular and simplified version of the calorimetric stage of the FARCOS detector, as an efficient
low-cost radiation monitor for environmental studies, is ongoing. The complete array can be used in order to perform complementary
studies on the γ -ray decay of excited nuclei produced in reactions with stable and radioactive ion beams, allowing the extraction
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Fig. 1 Picture of the four CsI(Tl)
detectors mounted in a FARCOS
telescope main frame, opened on
one side. The photodiodes, the
connector printed board soldered
to them and the small coaxial
cables used to connect the
preamplifiers can be observed on
the backward side of the detectors

of complete spectroscopic information. Section 2 provides description of the setup with particular emphasis on the detector and the
related electronics. Section 3 describes the processing techniques used for the acquired data. Section 4 presents the results of the
measurement campaign with different radioactive sources and Sect. 5 with cosmic rays and natural background. Section 6 ends with
the conclusions and outlook.

2 Detectors and electronics description

The FARCOS array [15] is constituted by 20 three stages telescopes. The first two stages are DSSSD detectors, respectively 300
µm and 1500 µm thick. The third stage is constituted by four CsI(Tl) scintillators, of truncated pyramid shape, 32 × 32 mm2 front
surface, 39.5 × 39.5 mm2 back surface, 60 mm length with photodiode readout. The photodiodes (Hamamatsu model S-3204-08)
have a surface of 18 × 18 mm2 and they are located on the CsI(Tl) back surface. A more complete description of the performance of
the array can be found in Ref. [16]. The work reported in this paper focuses only on the CsI(Tl) stage. Figure 1 shows a photograph of
four scintillators mounted in the aluminium cage of the telescope. To minimize the stray capacitance, due to interconnection, and so
optimizing the noise performance, an ultra-small connector of the serie UFL Hirose was soldered to photodiodes, and short coaxial
cables of the same series connect the detectors to the FARCOS front-end motherboard. Each FARCOS front-end motherboard
includes two FARCOS ASICs, featuring 16 channels in charge preamplifier configuration for the readout of the DSSSD and one
channel also in charge preamplifier configuration with 100 MeV Silicon equivalent full scale energy range [17], for the readout of the
photodiode coupled with the CsI(Tl) scintillator. A fully differential line driver drives the signal coming from the charge preamplifier
to the outer world through a Samtec twinax edge card cable assembly (ECDP-08-190.0-L1-L2-1-3), collecting the signals of the
four scintillators of one telescope and four calibration signals. Signals are digitized by using the GET (Generic Electronics for TPC)
electronics [18] at 50 MHz sampling frequency, enough to determine the maximum of the waveform pulse even for the rather slow
signals originating from a γ -ray interaction in the scintillator crystal (risetime > 2µs). Signals are filtered with a 1 µs Sallen &
Key filter to reduce the noise. Since the GET electronics is designed for single ended signals, a custom differential-to-single end
converter has been interposed. This converter is mounted on a dual gain programmable module (DGCT), designed by the electronic
service of the INFN Sezione di Catania. The DGCT module adds an offset to the signal as needed by the GET electronics. Moreover,
it splits the signal into two channels with selectable attenuation or gain factors from 1/16 to 8 in order to fully exploit the available
dynamic range. In the case of the γ -rays measurements presented in this paper, a gain equal to 8 has been used, in order to set the
full scale energy range to about 12.5 MeV silicon equivalent.
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Fig. 2 Energy spectrum measured
with Am-Be source analysed by
using different filters. a 11 nodes
filter, b 81 nodes filter, c 121
nodes filter, d 251 nodes filter. The
red curve shown in panels a and b
is a Gaussian fit of the first escape
peak

Fig. 3 Output waveform in the
case of the detection of a 1.27
MeV γ -ray (filled green
histogram) after FPN subtraction
and baseline restoring. The red,
yellow and blue lines show the
filtered output waveforms after
triangular filtering with 11, 81 and
251 nodes respectively. The lines
Gate1 and Gate2 indicate the
position of the two gates used to
evaluate the noise difference
integral, see text. The cyan
spectrum is a typical noise signal

3 Digital signal processing and conditioning of the acquired waveforms

The digitization of the detected signals opens the way to digital signal processing and conditioning in order to better extract the
conveyed information in comparison to a standard analoge electronics. In order to estimate the maximum value of the output
waveform, proportional to the collected energy, the measured and averaged signal baseline is subtracted on an event by event basis;
the noise generated inside the GET electronics, due to the switched capacitors array, is measured in some dedicated channels (called
FPN—Fixed Pattern Noise—channels [18]) not connected to any detectors and then subtracted from the original signal. Signal
waveforms are then filtered with a triangular filter (11 to 251 nodes—number of channels used by the filter) to improve the signal
to noise ratio [19]. As the dominant noise component is the white series noise, for signals generated by direct convertion in silicon
detectors, the best energy resolution is obtained using relatively long filters of the order of 151 nodes or more [20]. Instead, due to
reasons that will be better shown later, in the case of CsI(Tl) detectors, a smaller number of nodes gives the best noise suppression.
Figure 2 shows the energy spectrum obtained with an AmBe γ -ray source by using four different filters with 11, 81, 121, 251
nodes, respectively plotted in panels a, b, c, d. The AmBe source emits neutrons up to ≈10 MeV, detected with low efficiency in
the scintillator, and 4.44 MeV γ -ray originating from the reaction 9Be + α → n +12 C∗ + Q (5.704 MeV). The 4.44 MeV γ -ray is
detected in the scintillator mainly by pair creation. Due to the small size of the scintillator, one or both of the two 511 keV γ -rays
produced by the annihilation of the e+ can escape, giving rise to two escape peaks, well visible in Fig. 2. The full energy peak is
less visible, as less probable. As can be observed in Fig. 2, the best energy resolution is obtained by using the filter with 81 nodes,
even if the difference with other node numbers is inside the uncertainty. Consequently, the full energy peak can be better appreciated
when relatively small values of filter nodes are used, while it tends to disappear with the highest node numbers of the filter (251).
It should be emphasized that 512 samples at 50 MHz sampling rate allow to cover up to 10 µs of the output waveform. Therefore,
when dealing with the scintillation signal—owing to the slow time constant of the CsI(Tl) in the case of γ -ray interaction—this time
window is just enough to observe the maximum of the output waveform and, consequently, in case of filters with high number of
nodes some signal loss occurs. Averaging the points with a larger number of nodes causes a decrease of the maximum value of the
filtered signal, missing the real one and consequently worsening the signal-to-noise ratio, as clearly shown in Fig. 2. This effect can
be better understood by looking at one typical γ -ray waveform. Figure 3 shows the 1.27 MeV γ -ray waveform from 22Na source
after baseline restoration and FPN subtraction and, superimposed, the same signal after the filtering with 11 (red), 81 (yellow) and
251 (blue) nodes. While the filter with 11 nodes cannot smooth the relatively low frequency noise, this is instead well suppressed
by using 81 nodes. A filter with larger number of nodes, i.e. 251 as the case of the waveform in blue line in Fig. 3, underestimates
the real value of the maximum.
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Fig. 4 Noise evaluated as
difference between the average
value of the signal in the baseline
window and around the middle of
the time range of the signal

Fig. 5 a Rise time spectrum
measured for the run with the
AmBe source (filled yellow
histogram) and with the mixed
nuclei alpha source (red
histogram). b The colored plot is
the Rise time as a function of the
detected energy for the AmBe run.
Black dots refer to events collected
with the mixed nuclei alpha source

The discrimination between noise and waveforms carrying information relies on the following technique (typical for zero sup-
pression algorithms). The comparison of the difference between the average value of the signal taken in two regions, one before the
start of the signal and one in the middle of the digitized range, with a given threshold, close to zero, allows the discrimination. This
can be better understood looking again at Fig. 3, showing a typical noise waveform (cyan filled histogram) and a real one (green
filled histogram). The gates 1 and 2 in this figure show the regions used to calculate the difference. Figure 4 shows the noise integral
evaluated performing the difference between the average value of the signal in the baseline window (gate1) and around the middle
of time range of the signal (gate2). A cut in the region of ≈ channel 20 allows to exclude background noise events. Information
about the type of the particle can be obtained from the measurement of the rise time 30–80%. Figure 5a, shows the rise-time spectra
from the AmBe source (yellow filled histogram) and from a mixed nuclei alpha source (red histogram), constituted by a mixture of
the three transuranic elements 239Pu (5.155 MeV), 241Am (5.486 MeV), 244Cm (5.805 MeV). The peak in the yellow histogram at
≈ 2µs is due to signals generated mainly by γ -rays. The alpha peak (red histogram) is well resolved, having the maximum at 1.3 µs.
However the tails of the distributions are large; this can be better seen in Fig. 5b displaying the energy vs rise time for the detected
radiations. The black dots refer to the alpha source. It is evident that the presence of background noise affects the discrimination at
low energy. A better discrimination at low energy is instead obtained using the standard Fast–Slow technique, as described in Ref.
[13]. More in detail, the Fast value is integrated in the first 600 ns of the digitized signal, while the Slow component is obtained
averaging the digitized signal from 900 ns to 6 µs. Alternatively, the correlation of Energy and Slow component can be used to
discriminate particles, as shown in Fig. 6 where alpha particles from triple mixed source and γ -rays from AmBe source are well
discriminated. The choice to plot the energy instead of the fast component is related to a more linear behavior of the former at high
energy. This plot shows that γ -rays are resolved with respect to alpha particles even at low energy. In the figure, pile-up events of two
alpha particles (with approximately two times the energy of the alpha source) can be observed. The events in the line with the highest
ratio between Energy and Slow signals corresponds to events with a rise time of the order of 1 µs observed in all measurements with
and without sources. These relatively fast signals, see also Fig. 5, could be heavy fragments generated by cosmic rays interactions
[21] or more simply muons detected in the photodiode.
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Fig. 6 Energy-Slow plot obtained
summing events from an AmBe
source and the triple peaks mixed
alpha source

Fig. 7 Energy spectra of the γ -ray
sources used for the detector
calibration. AmBe (yellow filled),
60Co (blue filled), 137Cs (green
filled). Some Gaussian fits of the
peaks are also shown as red lines.
The energy calibration function
and calibration points are plotted
in the inset

Fig. 8 Coincidences
measurements from the 22Na
source. The peaks relative to
coincidences from the two
annihilation γ -rays and the main
1.27 MeV γ -ray can be observed.
In the inset the energy spectrum of
one of the two scintillators is
shown, in red the Gaussian fit of
the 1.27 MeV peak

4 Measurement with sources

The performance of the CsI(Tl) of the FARCOS telescopes with different radioactive sources has been probed. In addition to the
already mentioned AmBe source, 60Co and 137Cs sources were employed. Figure 7 shows the spectra obtained with these different
sources. As already observed, in the case of the AmBe (yellow filled histogram) the energy resolution is good enough to well resolve
full energy, first and second escape peaks. The measured resolution value in the case of the full energy peak is of the order of 140 keV
rms, about 3.5%. Unfortunately, the energy resolution is not enough to resolve the two peaks at 1.17 MeV and 1.33 MeV of 60Co
(blue filled histogram); for this reason an average value was used for the calibration. The sigma value of the 137Cs peak (filled green
histogram Eγ � 662 keV) is about 123 keV (18%). The inset shows the energy vs channel correlation obtained with the different
sources. The small value of the intercept at zero energy—which in case of digital acquisition is expected to be zero—witnesses the
good quality of the calibration. The deviation from zero can be attributed to the presence of small non-linear contributions present at
very low energy in the scintillators. The reliability of the calibration has been further checked using 511 keV and 1.27 MeV γ -rays
from 22Na together with peaks of 40 K and 208Tl radioactive elements present in the environment.

The test with the 22Na source was performed requiring the coincidence between the two 511 keV γ -rays, coming from the e+

annihilation, or the coincidence between one of such low energy γ -rays and the 1.27 MeV γ -ray emitted by the source. For this
measurement the source was placed between two FARCOS telescopes, thus with a detection solid angle of about 4π . Figure 8 shows
the coincidence matrix between the energy of the γ -rays detected in the two detectors. The expected coincidence events are visible
in the plot. Coincidence events between one 511 keV γ -ray and the pile-up between the other 551 keV and the 1.27 MeV γ -ray are
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Fig. 9 Energy spectra collected
with triple mixed alpha source
(blue), 22Na γ -ray source (pink)
and AmBe γ -rays source (yellow)

Fig. 10 a Picture of two FARCOS
telescopes mounted one over the
other for the measurement of
cosmic rays traveling across the
scintillators along the horizontal
side. b For the measurement of
cosmic rays impinging on a
scintillator along its length one of
the telescopes was placed in
vertical position over the other

also present at 1.78 MeV. The inset of Fig.8 shows the energy spectrum observed in one of the two detectors. The energy resolution,
derived from the Gaussian fits is respectively 100 keV rms and 124 keV for the 0.511 MeV and for the 1.27 MeV, while the deviation
from the linear fit is of the order of 10 keV.

The energy resolution seems rather poor, but we emphasize that the gain of the whole system was adjusted to be able to detect high
energy protons up to 100 MeV. The light yield of CsI(Tl) detectors is one of the largest in the case of inorganic scintillators, however
is rather low in absolute value, producing several tens of photons per one keV of gamma energy [22]. Considering the specifications
of the used electronics, the 137Cs signal used for the calibration is around 7 mV, higher than the corresponding measured noise,
which is around 1 mV.

The response of the CsI(Tl) to alpha particles has been studied irradiating the same detector with the triple mixed alpha source as
previously mentioned in the text. The source was placed in air at about 5 mm from the surface of the detector. The three peaks cannot
be distinguished at the current resolution. Taking into account the energy loss in air and in the Mylar foil in front of the detector
(2 µm), an average alpha particle energy of 4.5 MeV can be expected. Figure 9 shows the measured alpha peak superimposed on
the uncalibrated histogram of the inset of Fig. 8. The quenching [23, 24] in the response function of the CsI(Tl) scintillator to alpha
particles is evident also by the comparison with the yellow AmBe energy spectrum. The energy response to alpha particle is about
30% smaller than the one to γ -rays.

5 Measurement with cosmic rays and environmental radioactivity

Due to the size of the detectors, the efficiency to cosmic rays is small. Long runs, from 1 to 4 days, were used to measure the cosmic
rays traveling through the scintillators, both horizontally and vertically placed (i.e. with an absorption length of 3.2 cm or 6 cm
respectively), as shown in Fig. 10. Coincidences between detectors placed in the same vertical plane were required to select cosmic
rays impinging in vertical direction. Figure 11 shows the resulting spectra relative to setup shown in the Fig. 10a (green) and relative
to set-up shown in the Fig. 10b (yellow). The inset shows the inclusive spectrum corresponding to the detector placed in vertical
position (cyan), together with the spectrum obtained in coincidence with the underlying detector (yellow). The maximum of energy
loss for muons impinging in the vertical direction and thus having the full absorption length of 6 cm, is 35.1 MeV, corresponding
to a loss of ≈5.8 MeV/cm. The obtained value depends on the average energy muon spectrum at the laboratory site and on the
attenuation factor due to the possible presence of concrete in the roof. This is compatible with a GEANT4 simulation considering a
coverage of 0.2 m thick concrete.
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Fig. 11 Cosmic rays detected
along the vertical (filled yellow)
and horizontal (filled green)
absorption length of one detector.
The inset shows the inclusive
detected energy spectrum of the
detector in vertical position (filled
cyan) and the spectrum obtained
in coincidence with the underlying
detector (filled yellow)

Fig. 12 208Tl spectrum detected
during the run with cosmic rays
using 2 MeV energy threshold. In
the inset the background was
measured with lower threshold
evidencing the 40K and 137Cs
natural background emission

Similar results within an error of 0.1 MeV have been obtained in the horizontal configuration (Fig. 10a), despite the analysis is
more difficult due the truncated pyramid shape of the scintillators. Outcomes are in agreement with similar measurements performed
with simple parallepiped shaped detectors [25].

The run of 4 days performed in the vertical configuration, applying a threshold of 2 MeV in order to save disk space, highlighted
the presence of a peak at 2.6 MeV, as shown in Fig. 12. This peak can be attributed to the decay of 208Tl. This nucleus is populated
in the decay chain of 232Th [26]. It has a life time of ≈3 minutes and decays β to 208Pb. Being the spin parity of 208Tl 5+ and the
Q-value of the transition nearly 5 MeV, many 208Pb excited levels, with large spin are populated. Most of such high spin levels
cannot decay directly to the ground state. They decay mostly through the 3− 2.6 MeV level of 208Pb. The observed peak is therefore
populated by the γ -rays emitted from this decay. The sensitivity of the detector can be deduced by the integral of the peak, about
3800 counts (background subtracted) corresponding to a rate of ≈ 40 counts/h. Lowering the energy threshold, peaks of 40K and
137Cs of the natural radioactivity background can be observed as shown in the inset energy spectrum of Fig. 12. In this histogram
the 208Tl high energy peak can be still noted even if it has a much smaller intensity with respect to the other decays.

6 Conclusions and outlook

The response of the CsI(Tl) scintillators of FARCOS telescopes has been analysed using standard γ -ray sources, cosmic rays and
the environmental background. Notwithstanding the relatively low gain of the preamplifiers designed to match the dynamics of
high energy particles, low energy γ -rays of 511 keV due to e+ annihilation have been measured. This feature allows the use of
the FARCOS array not only as a charged particles correlator, i.e. what it was designed for, but also for the measurement of the
γ -ray decay of excited states. This could be useful, for the study of radioactive nuclei, expected to be populated in reactions that
will be performed at INFN-LNS (Laboratori Nazionali del Sud dell’INFN) with the new FRAISE fragment separator [27–31], soon
available. The obtained energy resolution is not comparable to that obtained with germanium detectors. However, this can be high
enough when defined channels are selected. Moreover, requiring the presence of particles in coincidence makes it possible to select
information about spin and parity of these levels.

Furthermore, experiments like the search for the γ -ray decay of high energy level of 12C, recently performed with the CHIMERA
detector [1], and in particular the state-of the-art search of a possible Efimov state on this nucleus [32, 33] could be performed with
improved precision due to the gain in resolution of FARCOS scintillators as compared to the CHIMERA CsI(Tl).

The extremely good quality of the developed ASIC preamplifier could pave the way to the construction of a simplified version
of the FARCOS detector consisting just of only one or two CsI(Tl) detectors. The low power consumption of the ASIC preamplifier
could help to prepare a portable detection system with good efficiency in the measurement of environmental radioactivity for the
monitoring of dangerous sites. In addition, the ability to detect in coincidence annihilation γ -rays could be used for the identification
of contaminants β+ emitter. Work is in progress also in this direction.
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