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SPES facility at Legnaro (Italy)
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ØSecond generation ISOL facility

ØProduction of exotic beams (p-induced fission on UCx)
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Active Target + Ancillary detectors

B. Mauss, P. Morfouace, T. Roger et al. Nuclear Inst. and Methods in Physics Research, A 940 (2019) 498–504

Fig. 1. 3D computer-aided drafting (CAD) drawing of ACTAR TPC. See text for details.

Fig. 2. (Color online) Upper panel, example of an event with the shaded polarization
zone below the beam. Lower panel, projection of the beam particle along the X axis.
The track stopping point R of the beam, plus the scattered heavy particle if there
is a reaction as it is the case here, is defined as a fifth of the Bragg curve maximum
charge deposit. The polarization could not be applied for some pads, due to connection
problems, resulting in a significantly higher charge compared to their neighbors (around
X=10pad and X=50pad), which results in the peaks shown in the reconstructed Bragg
curve. These pads were discarded in the analysis.

With a beam emittance of about ⇡�x�✓ = 18.56⇡mm�mrad, obtained
by tracking the beam upstream from the reaction point, the width of
the polarized zone was set to 12 rows of pads (24 mm) and was 100
columns (200 mm) in length, as shown in the upper panel of Fig. 2. Due
to connection problems, some of the pads from this zone could not be
correctly polarized. As a result, the micromegas has a higher gain above
those pads, which produces the peaks on the Bragg profile shown in
the lower panel of Fig. 2. The GET system was set to partial readout
mode, so that only pads with a signal exceeding a certain threshold
were read. This readout threshold was set to 5.3 fC, which corresponds
to 3.27 ù 104 electrons. With the micromegas gain of 5000, this threshold
is about 6.6 ionization electrons, or about 0.2 keV energy deposited per
pad.

Table 1
Beam and detector settings used during the ACTAR TPC18O commissioning experiment.
Parameter Value Units

Beam energy at active volume entrance 57.6 MeV
Beam emittance 18.56⇡ mm�mrad
Average beam intensity 1.5 ù 104 pps
Cathode potential *3500 V
Mesh potential *450 V
Polarized pads potential *100 V
Drift velocity (measured) 3.8 cm/�s
Isobutane gas pressure 100 mbar
Proton target density 2.5 ù 1019 protons/cm3

Clock frequency 50 MHz
GET dynamic range 120 fC
GET readout threshold 5.3 fC
GET peaking time 1024 ns

The cathode voltage was set to *3500V, so that the drift velocity
of the ionization electrons was about 3.6 cm/�s. The total time window
required to observe the full height of the active volume was therefore
6.7 �s. The sampling frequency of the GET system was set to 50MHz,
which provided a time window of 10.24 �s over 512 samples for
detecting the ionization electrons. Following the definition of Ref. [23],
the samples will be later referred to as time cells. The test experimental
conditions are summarized in Table 1.

For later discussions on the analysis, we introduce the following
terms:

• Electronic events are defined as the full window of 512 time cells
over the whole pad plane.

• Physical events are defined as the grouping of tracks correlated in
time/space.

• Beam events are defined as unreacted events, forming physical
events only consisting of a beam track.

• Pileup events are defined when there are several physical events
in an electronic event.

3. Data analysis

3.1. Particle tracking

To extract the voxel information (the charge collected and the
electron arrival time on each pad), the signal baseline was first treated
using the methods described in Ref. [23]. After baseline treatment, the
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3.3. TRACKING CAPITOLO 3. ANALISI DATI

Figura 3.13: Esempio di un evento di 11B su isobutano con pile-up (la traccia con z ⇡ 0).
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Figura 3.14: Schema del sistema di riferimento.

possono avere per essere considerati vicini, l’energia minima e il numero minimo di punti che un
insieme deve avere per essere considerato valido.

L’utilizzo di tale procedura permette l’eliminazione del rumore ed è preliminare per gli algoritmi che
saranno descritti in seguito. In questo modo, infatti, essi verranno eseguiti su un insieme di dati più
semplice, in quanto due tracce che non si intersecano vengono già riconosciute come entità distinte.

3.3.3 Trasformata di Hough

La trasformata di Hough è un algoritmo inizialmente ideato da Paul V. C. Hough per l’analisi dei
dati provenienti da una camera a bolle per mezzo di un calcolatore [37]. Grazie agli sviluppi ulteriori
di Richard O. Duda e Peter Hart si è riusciti ad estendere l’idea prima applicabile solo a rette sul
piano, ad un insieme più ampio di curve [38]. L’algoritmo consente di trovare i parametri delle
curve che meglio approssimano un certo insieme di punti. Nel nostro caso si tratta di trovare le
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• Develop a compact device capable to discriminate, 
using pulse shape analysis, between n and g.

8Li + 4He 11B + n
6Li + 3He 8B + n
34Ar + 3He 36Ca + n

• Taking advantage of recent improvements in SiPM
technology. 
– high gain
– extremely good timing performance
– low operative voltage
– insensitivity to magnetic field Ancillary n/g detectors

Active Target

F. Pino
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Experimental set-up
Organic scintillator with PSD capabilities

Plastic EJ-276 (1"x 1")

Plastic EJ-276G (1"x 1")

Plastic EJ-299 (2015) (2" x 2")

Liquid EJ-309 and EJ-301 
(2" x 2")

Light guide (75°)

F. Pino

~ 12000 photons / 1MeV e-

~ 8000 photons / 1MeV e-
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For small samples (1! diameter, thickness 10 mm), produced three months before the measurements (label 
3 m in Table!2), the scintillator with 2 wt% PPO exhibits a L.O. of 56% respect to EJ-212. "is value moderately 
decreases by increasing the PPO concentration, down to 45% for 4 wt% PPO and 42% for 6 wt% PPO. Samples 
produced two years before the measurements (label 2 y) with the same composition display comparable light out-
put, thus demonstrating their high stability with time and weathering resistance. As for larger and thicker samples 
(2!), EJ-299-33A, the standard plastic scintillator for n-" discrimination purposes, displays a L.O. of 62% respect 
to EJ-200 with the same size. As related to the scintillator with 6 wt% PPO and 2! in diameter and thickness, aged 
2 years, the L.O. is dramatically reduced to 22% of the standard EJ-200. Such a low value can be partially ascribed 
to the low attenuation length of polysiloxanes with respect to polystyrene and polyvinyltoluene based systems, 
as evidenced by transmission spectra reported in literature43. Interestingly, the same formulation but related to a 
sample aged only 3 months before the measure displays a slightly lower L.O. owing to the increased optical path 
of the object (53 mm versus 44 mm), thus proving that light losses due to reabsorption is a crucial factor. On the 
other hand, the lowering of the scintillation yield by increasing the sample size is a well-known phenomenon 
related to several parameters, namely self-absorption44, scattering loss at the surface45,46, proper wrapping47, cou-
pling with the PMT48. Actually, the observed variation in light yield is quite high and some other phenomena 
could contribute in decreasing light collection at the PMT interface. In particular, the preparation of large size 
siloxane scintillators can be optimized as for #atness of the contact surface with PMT window, PPO dissolution 
level, which requires longer times than small samples, $ne control of the Pt added catalyst, that should be as low as 
possible to minimize Pt nanoclusters formation with consequent yellowing. All those aspects are currently being 
considered in the production of new large size samples for a more extensive and systematic characterization.

Scintillation pulse analysis and charge integration method description. "e averaged signals of fast neutron and 
gamma events, for the synthesized 1! and 2! PMPS 6 wt% PPO based scintillators and for their corresponding 
standards of the same size, are shown in Fig.!5. "e signals correspond to a deposited energy of 480 ± 10 keVee.

"e waveforms displayed by the 6 wt% PPO loaded siloxane based scintillator either 1! or 2! in size clearly 
point to a feasible discrimination between fast neutrons and "-rays, while the sample EJ-212 does not show, as 
expected, a remarkable divergence in the tail of the signal for di%erent incident particles. Interestingly, the decay 
pro$les in the case of EJ-299-33, the commercial standard for detection and discrimination of fast neutrons and 
"-rays, are quite similar to those collected for the sample 6 wt% PPO, thereby indicating a promising behaviour as 
far as PSD capability is concerned.

In order to select the optimal parameters to be set in the signal processing to achieve the best particle discrim-
ination, the most suitable time windows for integration of both the fast component and the slow one have been 
selected empirically, by optimizing the separation between "-rays and fast neutrons signals. "e signal integration 
method proposed by Cester and co-workers24 has been used in the following analysis, i.e. the pulse shape param-
eter (PSP) is estimated by comparing the slow part of the time decay pro$le (Q_tail) with the total integral of the 
signal (Q_total). Hence, the PSP is evaluated as follows

Figure 5. Scintillation pulses normalized on the pulse height obtained by averaging o%-line waveforms for 1! 
EJ-212 (a), 1! PMPS 6 wt% PPO 2y (b), 2! EJ-299-33 (c) and 2! PMPS 6% PPO 2y (d).
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Experimental set-up
Advansid Large Area SiPMs

• Arrays (16 ch) SiPM AdvanSiD
RGB-SiPM NUV-SiPM

SiPM size 4x4 mm2

Cell number 9340/ch

Cell size (pitch) 40μm× 40μm

Recharge time constant 50 ns 70 ns

Peak sensitivity 
wavelength 550 nm (32.5 %) 420 nm (43 %)

Breakdown voltage, typ 27 V 26 V

Dark Count Rate < 200kHz/mm2@ 4V OV < 100kHz/mm2@ 4V OV

For comparison:
PMT Hamamatsu 2", H1949-51 (rise time = 1.3 ns)

F. Pino
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Experimental set-up
DAQ 

6

20 CHAPTER 2. MEASUREMENT SYSTEM

The board itself is essentially a simple 8-channel, 12bit, 250 MS/s digitizer (table 2.9
lists its main features), but the built-in programmable FPGA can be loaded with di!erent
firmwares dedicated to specific advanced functions. In SMANDRA we implemented Digital
Pulse Processing (DPP) algorithms, providing on-line various data ready-to-use for each
event, such as: time stamp, both complete and partial integration of the signal - used for
Pulse Shape Discrimination (PSD) in the liquid scintillator - and the possibility of storing
a selected part of the digitized signal. The latter feature is needed in reconstructing o!-line
coincidences and for the time measurements required in the active mode. Fig. 2.14 present
the operations performed on-line by the FPGA.

With V1720, sampling of the signal is customizable in many ways, from the trigger mode
(by threshold or by peak identification) to the number of samples to save in the records,
and each channel has an independent configuration registry.

Analog Input 8 channels, single-ended (SE) or di!erential.
Input range: 2 Vpp; Bandwidth: 125 MHz.

Digital Conversion Resolution: 12 bit. Sampling rate: 31,25 to
250 MS/s simultaneously on each channel

Memory Bu!er 1.25 M sample/ch or 10 M sample/ch;
Multi Event Bu!er with independent read and write access.
Divisible into 1 ÷ 1024 bu!ers.

Trigger Individual channel autotrigger
Trigger Time Stamp 32bit - 8ns (34s range). Sync input for Time Stamp alignment
VME interface VME64X compliant; Multi Cast Cycles Transfer rate:

60MB/s (MBLT64), 100MB/s (2eVME), 160MB/s (2eSST).
Sequential and random access to the data.

Input connectors Single ended: MCX Di!erential: Tyco MODU II

Table 2.9: Properties of CAEN V1720 digitizer

Signal sampling

A diagram showing the relevant sampling parameters of V1720 is showed in Fig. 2.16.

Figure 2.16: Signal sampling with explanation of di!erent acquisition parameters (from [1]).

The board digitizes input signals in a continous way, and the samples are stored in a

• Sampling rate: 250 MHz (725)
• ADC resolution: 14 bit
• Possibility to get for each event (pulse):

§ Partial integral, Qfast
§ Total integral, Qtotal

• Pulse recording and run online advanced algorithms (FPGA) 
for digital pulse processing (PSD, etc.)

Double gate integration method for PSD
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Aiming at a more clear characterization of the n-" discrimination capability of the tested scintillators and at a 
reliable comparison between di!erent composition, size and age, we calculated the "gure of merit (FoM) in the 
conventional form:

! !
= #

+ "
FoM

(4)n

where # is the separation between the PSP centroids of the neutron and " distributions, and !n and !" are the 
full-width at half-maximum (FWHM) of the neutron and " peaks, respectively.

In Fig.#6 we report the two dimensional spectra of PSP versus the light output in keVee for the commer-
cial standard EJ-212 and for three 1$ size samples with increasing primary dye loading. $e capability of the 
siloxane-based samples to discriminate di!erent particles is clearly evident, also for low PPO concentrations, 
on the basis of the bare application of the described method. On the other hand, EJ-212 does not display a clear 
distinction between fast neutrons and photons, con"rming the intrinsic inability of this plastic scintillator for 
particles discrimination.

$e optimal performance of the synthesized detectors as for discrimination in mixed radiation "elds can be 
even more appreciated with 2$ samples, whose PSP vs light output is reported in Fig.#7 (le% panel). Using the TOF 

Figure 6. Two dimensional plots of PSP versus light output for the 1$ samples (aged 3 m) with di!erent 
wt% PPO and of EJ-212 under irradiation with Pb shielded 252Cf source; the evaluated FoM at the threshold 
480 ± 75 keVee, shown in each plot as a dashed line, is also reported for each scintillator and listed in Table#3.

Sample Size Ø [mm] ! h [mm] Volume [cm3] FoM
EJ-212 25.4 % 10 5.1 0.477 ± 0.008
PMPS 2PPO (3 m) 25.4 % 10 5.1 0.577 ± 0.006
PMPS 4PPO (3 m) 25.4 % 10 5.1 0.650 ± 0.008
PMPS 6PPO (3 m) 25.4 % 10 5.1 0.684 ± 0.005
EJ-299-33A 50 % 50 98 1.23 ± 0.01
PMPS 2PPO (2 y) 50 % 44 86 0.36 ± 0.01
PMPS 6PPO (3 m) 52 % 53 112 0.523 ± 0.005
PMPS 6PPO (2 y) 50 % 44 86 0.611 ± 0.005

Table 3. Figure of Merit (FoM) values obtained using the parameters derived from PSP versus Light output 
plots at threshold 480 ± 75 keVee and applying Eq.#4.

F. Pino

• ABCD software
https://github.com/ec-jrc/abcd/

• AmBe (2x105 n/s) 
• 22Na g source

https://github.com/ec-jrc/abcd/
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• 4 series x 4 parallel SiPM
• Transimpedance amplifier based on Ultra-Low Noise, High-Speed OpAmp (LMH6629)

Simulated signal –
Advansid 4 x 4 SiPM

Supply/bias board:
- Input 9V-14V
- Output +2.5V -2.5V / 120V

SiPM (array 4x4) preamplifier design 
and characterization

F. Pino

Measured signal with 4ns 
laser pulse

td ~ 100 ns

td ~ 100 ns
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Plastic EJ-276 1"x 1"
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Covered surface ~ 60%

Overvoltage (Vov) = 4 V
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Aiming at a more clear characterization of the n-" discrimination capability of the tested scintillators and at a 
reliable comparison between di!erent composition, size and age, we calculated the "gure of merit (FoM) in the 
conventional form:

! !
= #

+ "
FoM

(4)n

where # is the separation between the PSP centroids of the neutron and " distributions, and !n and !" are the 
full-width at half-maximum (FWHM) of the neutron and " peaks, respectively.

In Fig.#6 we report the two dimensional spectra of PSP versus the light output in keVee for the commer-
cial standard EJ-212 and for three 1$ size samples with increasing primary dye loading. $e capability of the 
siloxane-based samples to discriminate di!erent particles is clearly evident, also for low PPO concentrations, 
on the basis of the bare application of the described method. On the other hand, EJ-212 does not display a clear 
distinction between fast neutrons and photons, con"rming the intrinsic inability of this plastic scintillator for 
particles discrimination.

$e optimal performance of the synthesized detectors as for discrimination in mixed radiation "elds can be 
even more appreciated with 2$ samples, whose PSP vs light output is reported in Fig.#7 (le% panel). Using the TOF 

Figure 6. Two dimensional plots of PSP versus light output for the 1$ samples (aged 3 m) with di!erent 
wt% PPO and of EJ-212 under irradiation with Pb shielded 252Cf source; the evaluated FoM at the threshold 
480 ± 75 keVee, shown in each plot as a dashed line, is also reported for each scintillator and listed in Table#3.

Sample Size Ø [mm] ! h [mm] Volume [cm3] FoM
EJ-212 25.4 % 10 5.1 0.477 ± 0.008
PMPS 2PPO (3 m) 25.4 % 10 5.1 0.577 ± 0.006
PMPS 4PPO (3 m) 25.4 % 10 5.1 0.650 ± 0.008
PMPS 6PPO (3 m) 25.4 % 10 5.1 0.684 ± 0.005
EJ-299-33A 50 % 50 98 1.23 ± 0.01
PMPS 2PPO (2 y) 50 % 44 86 0.36 ± 0.01
PMPS 6PPO (3 m) 52 % 53 112 0.523 ± 0.005
PMPS 6PPO (2 y) 50 % 44 86 0.611 ± 0.005

Table 3. Figure of Merit (FoM) values obtained using the parameters derived from PSP versus Light output 
plots at threshold 480 ± 75 keVee and applying Eq.#4.

D

d Difference between centroids

FWHM

F. Pino
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Plastic EJ-276G 1"x 1"
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25 mm
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2"x 2" Liquid Scintillators, EJ-301 and EJ-309
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Plastic Scintillator EJ-299 (2015) 2"x 2" 
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Covered surface ~15 %
• Plastic EJ-299 light yield is 65% 

respect to liquids
• Light guide -> doesn’t help!
• Cover more area?
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PMT NUV-SiPM
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Conclusions and next steps
• Main achievement:

– Good n/g discrimination using large area SiPM read-out / large-sized scintillators
• Till now reported only using small SiPMs and plastic scintillators (~ units of cm3) 

12F. Pino

Next steps

- New read-out configurations
(covered area and light yield)
- Faster digitizer
- Alternative data analysis, FFT

Active Target
Depending on the case of study (reaction):
- Coverage of large solid angle -> Liquids
- Small solid angle-> Plastics
- SrI2(Eu), CsI(Tl) / SiPM; for gamma and 

charge particles



Thank you!!!

13F. Pino


