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 Abstract—A 1-inch stilbene and EJ-276 (plastic) organic scintillators were characterised in 1 

view of their use in a portable survey meter for fast neutron detection and dose rate measurements 2 

in radiation protection. They were coupled with a large area Silicon Photomultiplier (SiPM) array 3 

and characterised in terms of neutron/γ–ray (n/γ) discrimination capability, count rate linearity, 4 

count rate saturation effects, temperature stability and neutron detection efficiency. A Pile-Up 5 

Rejection (PUR) algorithm was developed and tested to increase their count rate linearity with 6 

increasing dose rate. Results show that the stilbene exhibits better performance compared to the 7 

plastic in terms of: Pulse Shape Discrimination (PSD) with a Figure Of Merit (FOM) of 1.5 vs. 1.1, 8 

energy resolution (15% vs 20% at 662 keV) and fast neutron efficiency (12% vs. 9% with an AmBe 9 

source). For both scintillators, the dose rate response is linear up to 1 mSv/h with a 137Cs γ-ray 10 

source. With a neutron source, the response is linear, and the FOM is almost constant for dose rates 11 

up to 1.5 mSv/h. The PUR reduces the false neutron events by one order of magnitude when the 12 

detectors are irradiated with a γ-ray source up to 10 mSv/h, and it correctly works when irradiated 13 

with an AmBe source at 1.5 mSv/h together with a 137Cs source up to 60 µSv/h. The proposed PUR 14 

algorithm is promising but needs to be tested with a higher intensity mixed n/γ field. The 15 

temperature stability of both detectors was also studied in the temperature range from -10°C to 16 

+40°C. The light yield increases by around 25% for both detectors when reducing the temperature. 17 

The variation of the neutron count rate is around 10% in the same temperature range. This work 18 

provides a complete overview of the performance of these detectors and a coherent comparison 19 

between the two types of scintillators with the same experimental setup. 20 

 Keywords— Stilbene, EJ-276, SiPM, Fast neutrons, Dose rate. 21 

1. Introduction 22 

Organic scintillators are widely used in particle detection. They are often preferred to inorganic 23 

crystals since their fabrication is easier, they have short decay times and lower cost. Moreover, the 24 

capability to perform particle discrimination [1] makes them suitable for charged particle detection. 25 

As neutron detectors, organic scintillators have been investigated for several applications such as 26 

fission neutron detection, fast neutron imaging [2, 3], neutron spectrometry (with unfolding) [4] and 27 

as an alternative to 3He counters in non-proliferation application, homeland security and fusion 28 

research [5, 6]. In this paper, we consider the stilbene and EJ-276 (plastic) organic scintillators for a 29 

neutron probe of the B-RAD [7, 8], a radiation survey meter developed by CERN and the 30 

Polytechnic of Milan and commercialized by ELSE NUCLEAR [9].  31 
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The B-RAD is specifically designed for operation in strong magnetic fields. Its detection system 32 

consists of a scintillator (currently a LaBr3 crystal for γ dose rate and γ-spectrometry) coupled with 33 

a Silicon Photomultiplier (SiPM) array, instead of a traditional Photomultiplier Tube (PMT), and 34 

specifically designed electronics. The purpose of this paper is to study two potential candidates for 35 

an additional probe for fast neutron measurements. 36 

Here, we analyse and compare the main features of the stilbene and EJ-276 coupled with a large 37 

area SiPM array. The scintillators and the experimental setup are described in section 2. Section 3 38 

addresses the energy calibration and energy resolution, the neutron/γ–ray (n/γ) discrimination via 39 

the Pulse Shape Discrimination (PSD) technique, the count rate linearity, the neutron detection 40 

efficiency, a Pile-Up Rejection (PUR) algorithm developed for application in high-intensity and 41 

mixed radiation fields and the temperature dependence. The results are discussed and compared 42 

with literature data when available. Finally, the conclusions are summarized in section 6. 43 

2. Detectors and experimental setup 44 

The stilbene and the EJ-276 are organic scintillators characterised by a similar chemical 45 

composition, low density (close to 1 g cm-3) and short scintillation decay times (less than 500 ns). 46 

Table 1 summarizes and compares the main properties of the two scintillators. The quenching factor 47 

for recoil protons is also reported in view of their application as fast neutron detectors. 48 

 49 

Table 1. Comparison of the main properties of the stilbene and EJ-276 scintillators. 50 

 Stilbene EJ-276 

Manufacturer Inrad Optic Scionix 

Type of scintillator Organic crystal Organic plastic 

Shape and dimensions 1–inch right cylinder 1–inch right cylinder 

Chemical composition C14H12 [10] 
4.546×1022 H atoms cm-3 

4.906×1022 C atoms cm-3 [11] 

Density 1.15 g cm-3 [10] 1.096 g cm-3 [11] 

Housing Yes No (wrapped in Teflon tape) 

Peak scintillation wavelength 390 nm [10] 425 nm 

Scintillation light yield 14,000 ph MeV-1 [10] 8,600 ph MeV-1 [11] 

Decay constants [ns] 4, 35, 332 [12] 
13, 35, 270 (�) 

13, 59, 460 (n) [11] 

Recoil proton quenching 
factor (1) 

(proton recoil energy) 

0.1 – 0.17 [13] 
(300 keV – 3 MeV) 

0.08 – 0.3 (2) [14] 
(300 keV – 3 MeV) 

 51 

The scintillators were coupled with an 8×8 SiPM Array J-30035-64P from SensL [15, 16] through 52 

optical grease and placed inside a light-tight box. A bias voltage of +28.5 V, corresponding to 4 V 53 

of overvoltage, was supplied to the SiPM array. The Photon Detection Efficiency (PDE) for the 54 

selected overvoltage is around 40% for the stilbene and 43% for the EJ-276 [16].The summed 55 

anode signal was acquired with a suitably designed board [17, 18] and sent to a CAEN DT5720 56 

digitizer (12 bit, 12 Ms/s). The digitizer threshold was set at 100 keVee for the stilbene and 250 57 

keVee for the EJ-276. The measurements described in section 3.3 were carried out sending the 58 

output signal to a Teledyne LeCroy Waverunner 8104 Oscilloscope (1 GHz, 20 Gs/s) with a 50 Ω 59 

                                                 
(1) The quenching factor is defined as ���� ��⁄  where ���� is the energy in electron equivalent measured with the 
scintillator after γ-ray calibration and ��  the energy of the recoil proton emitted by the neutron reaction. 
(2) Data have been extrapolated from the light yield data relative to 477 keVee. 
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termination (instead of the digitizer) because it allows a higher sampling frequency and more 60 

flexibility of parameter setting. Around 30,000 signals were saved for each measurement and 61 

analysed offline with a Python code [19]. 62 

3. Characterisation of the stilbene and the EJ-276 scintillators 63 

3.1 Energy calibration and energy resolution 64 

Organic scintillators such as the stilbene and the EJ-276 (see Table 1) are made of low Z materials 65 

and have low density. Therefore, their interaction with γ-rays mainly occurs through Compton 66 

scattering [1]. Because of the lack of the photoelectric peak, the Compton edge has to be assumed 67 

as reference point for the energy calibration. However, one of the major obstacles is to accurately 68 

set its position [20–23]. In this work, the energy calibration was performed according to the 69 

following method [23]. The spectra of three γ-ray sources (137Cs, 60Co and 22Na) were acquired. The 70 

theoretical spectra of 137Cs, 60Co and 22Na in the stilbene and EJ-276 scintillators were calculated 71 

using the FLUKA Monte Carlo code version 4-0.1 [24–26]. A Gaussian Energy Broadening (GEB) 72 

was applied to the simulated spectra to take into account the finite energy resolution of the detectors 73 

assuming a σ proportional to √�, where E is the γ-ray energy [22]. In analogy with [22], the energy 74 

resolution is defined as RE = FWHM/E, where FWHM is the Full Width at Half Maximum. The 75 

broadened spectrum was normalized to the maximum of the experimental Compton distribution and 76 

its x-axis (in energy scale) was linearly scaled in order to match the experimental spectrum (in ADC 77 

channels). Both the scaling factor and the RE values were varied to find the broadened spectrum, 78 

which best fitted the experimental one (through least square minimization) in the Compton edge 79 

area.  80 

Figure 1 shows the three spectra (experimental, simulated and broadened) of 137Cs and 60Co for the 81 

stilbene in the top, and the plots of the residuals between the experimental and broadened spectra in 82 

the bottom, in the selected energy range. Figure 2 shows the same results for the EJ-276. The 83 

position of the Compton edge of 137Cs (447 keV) for the stilbene and EJ-276 was found at 92% and 84 

90% of the position of the maximum, respectively (at 74% and 73% of the peak height). For the EJ-85 

276, the two Compton edges of 60Co were not well distinguishable in the experimental spectrum. 86 

For this reason, a single fit was performed and the position of the mean energy of the two Compton 87 

edges was considered as the calibration point (i.e. 1041 keV) [27]. Figure 3 shows the calibration 88 

points and the linear fits for both scintillators. Table 2 reports the linear fitting equations and the 89 

corresponding R2. The different slopes of the energy calibration equations for the two scintillators 90 

are in agreement with the different light yields (see table 1). The small intercept is also expected 91 

since it is due to the non-linearity of the light yield at low energies (below 100 keVee) [28]. 92 

The calculation of the energy calibration and the energy resolution in organic scintillators is not 93 

unique as explained in [27]. In this study, the energy resolution for the stilbene and the EJ-276 94 

scintillators is 15% and 20% respectively. From the plots of the residuals, the Compton edges are 95 

well fitted in the selected energy ranges, and the comparison between the two detectors is reliable. 96 

The fitting region was restricted to the Compton edge range since the photon backscattering and the 97 

source geometry, which affect the spectrum shape below the Compton edge, were not considered. A 98 

few percent variation on the energy resolution is acceptable for the scope of this study since the two 99 

detectors were studied for use in a dose rate survey meter.  100 

 101 



4 
 

 102 

Figure 1. Comparison of the normalized spectrum of a 137Cs source (on the left) and of a 60Co 103 

source (on the right) measured with the stilbene scintillator (blue line), the FLUKA simulated 104 

spectrum (black line) and the result of the GEB of the simulated spectrum which best fits the 105 

experimental data (red line). On the bottom, the plots of the residuals between the experimental and 106 

broadened spectra. 107 

 108 

 109 

Figure 2. Comparison of the normalized spectrum of a 137Cs source (on the left) and of a 60Co 110 

source (on the right) measured with the EJ-276 scintillator (blue line), the FLUKA simulated 111 

spectrum (black line) and the result of the GEB of the simulated spectrum which best fits the 112 

experimental data (red line). On the bottom, the plots of the residuals between the experimental and 113 

broadened spectra. 114 
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 115 

Figure 3. Compton edge positions of 137Cs, 60Co and 22Na sources for the stilbene and EJ-276 116 

scintillators. The red lines show the linear fits to the data points. 117 

 118 

Table 2. Energy calibration equation for the stilbene and EJ-276, where E is the energy in keV and 119 

ch. the corresponding channel. The R2 of the linear regression is also reported. 120 

 Equation R2 

Stilbene E (keV) = (0.166±0.005) × ch. + (0.952 ±27.426) 0.998 
EJ-276 E (keV) = (0.238±0.002) × ch + (42.440 ±5.507) 0.999 

 121 

3.2 Pulse Shape Discrimination (PSD) 122 

The PSD capability is one of the most interesting parameters for a neutron detector. In this work, 123 

the PSD was defined according to the charge integration method and calculated for each signal as 124 

follows: 125 

 126 

	
� �	
������������

�����
  (1) 127 

 128 

where ������ and ����� are the integrals of the signal (i.e. the charge) calculated over two different 129 

integration times (������ and ����� respectively). A Figure of Merit (FOM) is defined to quantify the 130 

goodness of the PSD according to Eq. 2: 131 

 132 

 !" �	
#��#$

%&'(�)%&'($
 (2) 133 

 134 

where *� and *+ are the mean values of the gaussian fitting equations of the neutron and γ-ray 135 

distributions respectively, and  ,-"� and  ,-"+ the corresponding FWHM. 136 

In the present work, the PSD analysis was performed with the DPP-PSD software provided with the 137 

CAEN digitizer. The FOM was 1.5 for the stilbene and 1.1 for the EJ-276 scintillator. In the latter 138 

case, a higher energy threshold of 350 keVee had to be set to reach a sufficient discrimination 139 
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(FOM > 1.15), while it was not necessary for the stilbene. The time windows were selected so as to 140 

optimize the FOM and set at 300 ns and 3 µs for both scintillators. The long-time gates selected in 141 

this work, if compared to the decay times of both scintillators (see table 1), are due to the high 142 

capacitance of the 64 pixels array, which dominates the shape of the output pulse. 143 

Table 3 compares the FOM calculated in this work with the one derived in other studies. The FOM 144 

found in this work is within the range of values found in the literature. The deviation from the best 145 

FOM can be explained by the different energy threshold and/or by the use of a different 146 

photodetector. 147 

Table 3. Comparison between the FOM calculated in this work and literature data. The size of the 148 

scintillator, the photodetector and the source are specified. The energy cut-off or the energy range 149 

selected for the PSD calculation are given in brackets. 150 

 This work Steinberger et al. 
[29] 

Taggart et al. [30] Grodzika-Kobylka et 
al. [31] 

Dimensions Ø1 inch × 1 inch 
cylinder 

6 mm × 6 mm × 50 
mm 

6 mm × 6 mm × 
6 mm 

Ø1 inch × 1 inch 
cylinder 

Photodetector 64 pixels J-Series 
SiPM array 

SensL C-Series 
SiPM 

J-series SiPM (single 
pixel) 

R6233-100 
Hamamatsu PMT 

Source AmBe 252Cf AmBe PuBe 

FOM Stilbene 1.5 (100 keVee) 1.17 (100 –
200 keVee) 

– 1.74 (100 keVee) 

FOM EJ-276 1.1 (250 keVee)  2.39 (500 – 600 
keVee) 

1.09 (100 keVee) 

 151 

3.3 Count rate linearity  152 

The count rate as a function of the dose rate of both detectors was measured. As expected, the count 153 

rate linearly increases with the dose rate up to a limit where the count rate starts to saturate because 154 

of pile-up events. The pile-up also affects the PSD analysis when the detectors are exposed to a 155 

mixed n/γ radiation field. This effect was also studied. It is worth mentioning that the results 156 

presented in this work are mainly affected by the electronic read-out system (i.e. the 64 pixels array) 157 

and by the selected PSD parameters. However, they can be used for comparison with similar 158 

detectors, especially because of the lack in the literature of data measured with similar 159 

photodetectors (large SiPM array). 160 

The scintillators were exposed to different photon dose rates from a 137Cs source at the Calibration 161 

Laboratory of the Radiation Protection group at CERN [32], from 1 µSv/h to 15 mSv/h. For both 162 

detectors, count rate saturation effects start at around 1 mSv/h, which corresponds to 4×104 and 163 

3×104 counts per seconds (cps) in the stilbene and EJ-276, respectively. Figure 4 shows the count 164 

rate as a function of the dose rate and the linear fitting equations calculated outside the count rate 165 

saturation region (for a better visualization the plot in figure 4 starts from 300 µSv/h). 166 

The measurements were repeated with an AmBe neutron source at dose rates between 5 µSv/h and 167 

1.5 mSv/h, which is the maximum available dose rate at the Calibration Laboratory. The neutron 168 

count rate was derived from the PSD analysis. Figure 5 shows the results: the left y-axis is the 169 

measured count rate, while the right y-axis represents the count rate corresponding to neutron 170 

events only calculated after the PSD. As can be seen, the response is linear over the entire range. 171 

The maximum count rate is 1.5×103 cps and 1.2×103 cps for the stilbene and the plastic 172 

respectively, quite lower than the count rate saturation value found with the photon source. 173 
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 174 

 175 

Figure 4. Count rate versus dose rate measured with the stilbene (blue triangles) and the EJ-267 176 

(black dots) scintillators when exposed to photons from a 137Cs source before the count rate 177 

saturation region. The red line represents the linear fits calculated outside the count rate saturation 178 

region to the data points. The error bars are smaller than the data points. 179 

 180 

Figure 5. On the left y-axis, count rate versus dose rate measured with the stilbene (blue triangles) 181 

and the EJ-267 (black dots) scintillator when exposed to an AmBe neutron source. On the right y-182 

axis the neutron count rate calculated after the PSD analysis for the same measurements. The red 183 

lines represent the linear fits to the data points. The error bars are smaller than the data points. 184 

The variation of the PSD with increasing pile-up was studied by means of the 2D PSD histogram 185 

plot. Each detector was first irradiated with the AmBe source alone at the maximum available dose 186 

rate, i.e around 1.5 mSv/h. Afterward, the detectors were exposed simultaneously to the 137Cs and 187 

AmBe sources. The neutron source activity and the source to detector distance were kept constant to 188 

maintain the neutron dose rate at 1.5 mSv/h, whereas the photon dose rate was progressively 189 

increased by increasing the source activity. Figures 6, 7 and 8 compare the 2D histogram of the 190 

PSD vs. energy measured with the stilbene at around 1 × 103 cps, 5 × 103 cps and 40 × 103 cps, 191 

respectively. At 5 × 103 cps (figure 7) many pile-up events are detected in the energy range of the 192 
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137Cs source, which become dominant at 40 × 103 cps. The same behaviour is observed with the EJ-193 

276 starting from 3.5 × 103 cps. Figures 7 and 8 clearly show that the signals affected by pile-up are 194 

spread along the entire PSD range leading to a bad discrimination and to a completely wrong 195 

estimation of the dose rate if the energy threshold is not modified. 196 

The PSD was also monitored by calculating the FOM while keeping constant the energy threshold 197 

of each detector. Above 3 × 103 cps the FOM drastically drops compared to the value calculated 198 

below 1.5 × 103 cps, where the variation between the maximum and the minimum value is about 199 

5%. A correct discrimination can be restored, for example by increasing the energy threshold, as 200 

can be seen in figure 7, where the discrimination is still feasible if the energy threshold is set above 201 

1.5 MeV. 202 

As stated before, the count rate range in our detectors is mainly limited by the high capacitance of 203 

the employed photodetector. For this reason, it can be extended simply by using a PMT in place of 204 

the large area SiPM array. This option was not considered since the B-RAD is designed to work in 205 

high magnetic field regions and a PMT cannot be employed.  A PUR algorithm was instead tested 206 

as discussed in the following section.  207 

 208 

 209 

 210 

 211 

Figure 6. 2D histogram plot of the PSD for the stilbene when irradiated with an AmBe neutron 212 

source at 1.5 mSv/h (around 1,000 cps). 213 
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 214 

Figure 7. 2D histogram plot of the PSD for the stilbene when irradiated with an AmBe neutron 215 

source at 1.5 mSv/h and a 137Cs photon source at 60 μSv/h (around 5,000 cps). 216 

 217 

 218 

Figure 8. 2D histogram plot of the PSD for the stilbene when irradiated with an AmBe neutron 219 

source at 1.5 mSv/h and a 137Cs photon source at 650 μSv/h (around 40,000 cps). 220 

3.4 Pile-up rejection (PUR) 221 

A PUR algorithm was developed to improve the PSD analysis and increase the count rate linearity 222 

of the two detectors. The PUR algorithm was defined similarly to the fractional double-pulse 223 

technique described in [5, 6]: a pulse is classified as double if consecutive samples (points of the 224 

digitalized pulse) exceed a certain fraction of the pulse height in the tail region. The algorithm was 225 

tested for a single combination of the parameters (time windows and threshold) since the results 226 

were sufficiently good and proved the possibility to apply the proposed PUR. However, for its 227 

application in the B-RAD, these parameters must be optimised. 228 

The time windows were selected by a qualitative analysis, i.e. by observing the neutron and photon 229 

standard pulses (see figure 9). For both scintillators, the tail region was selected starting from 1 µs 230 

(indicated by the dashed black vertical line in figure 9) and the total recorded length was set at 4 µs. 231 
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The threshold (represented by the horizontal line in figure 9) was selected as the fraction of the γ-232 

ray pulse amplitude at 1 µs with respect to the pulse height. The number of samples was chosen to 233 

exceed the time interval between the dashed black and dashed-dotted red vertical lines in figure 9. 234 

The latter was selected as the point where the neutron pulse crosses the threshold. Following this 235 

approach, the threshold was set at 19% and 21% of the pulse height, for the stilbene and the EJ-276, 236 

respectively. The sampling frequency was set to 250 MHz for both scintillators. 237 

  238 

Figure 9. The neutron and γ-ray standard pulses in stilbene. The horizontal line represents the 239 

amplitude threshold selected for the PUR, the vertical lines the minimum time intervals that the 240 

signal amplitude must exceed, in the tail region, to be discarded by the PUR. 241 

At first, the PUR was applied after irradiating the detectors with a 137Cs source in the 1 µSv/h -242 

15 mSv/h range. Figures 10 and 11 show the 2D histogram plots acquired with the stilbene before 243 

and after applying the PUR at 1 mSv/h. One should note that γ-ray events are expected in the 244 

bottom region of the plot, delimited in figures 10 and 11 by the continuous red line. Figure 10 245 

shows that because of pile-up γ-ray events are erroneously classified as neutron events, while figure 246 

11 demonstrates that the PUR correctly removes them. In analogy to [5] the erroneous classification 247 

ratio (ER) was calculated as the ratio between the signals detected in the neutron region over the 248 

total detected pulses, before and after the PUR. The results are plotted in figures 12 and 13 for the 249 

stilbene and the EJ-276, respectively. At low dose rate, the stilbene is characterised by an ER one 250 

order of magnitude lower than the EJ-276, while for both detectors the ER decreases by a factor of 251 

10 after the PUR, also at high dose rates. The two curves of the ER after the PUR seem to saturate 252 

above 1 mSv/h. This is probably due to the spreading of the pile-up events along the entire PSD 253 

range, i.e., also in the γ-ray region (below the continuous red line in figures 10 and 11) 254 

A corrected ER factor (�./��0 was defined as the ratio between the signals detected in the neutron 255 

region over the signals detected in the region delimited by the γ-ray distribution, confined in figures 256 

10 and 11 by the continuous and dashed red lines. The �./�� is also plotted in figures 12 and 13 257 

(red crosses). The �./�� is linear up to 10 mSv/h for both detectors. Above this value it starts to 258 

saturate for the EJ-276 probably because pile-up events are also detected inside the γ-ray region, 259 

which cannot be discriminated by the PUR. However, the PUR is still able to well discard false 260 

events in the neutron region. 261 

 262 
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 263 

Figure 10. The Qlong vs Qshort 2D histogram plot of the stilbene irradiated with a 137Cs source at 264 

1 mSv/h. The two red lines delimit the γ-ray region. 265 

 266 

Figure 11. The Qlong vs Qshort 2D histogram plot of the stilbene irradiated with a 137Cs source at 267 

1 mSv/h after applying the PUR algorithm. The two red lines delimit the γ-ray region. 268 

 269 
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 270 

Figure 12. The ER and the ERcor for the stilbene irradiated with a 137Cs at different dose rate 271 

values, before and after applying the PUR algorithm. 272 

 273 

 274 

Figure 13. The ER and the ERcor for the EJ-276 irradiated with a 137Cs at different dose rate values, 275 

before and after applying the PUR algorithm. 276 

The PUR was also tested in a mixed n-γ field from an AmBe source, at around 1.5 mSv/h, and from 277 

a 137Cs source, at 5 μSv/h and 60 μSv/h. Figures 14 and 15 show the PSD plot before and after the 278 

PUR for the stilbene for the two cases. The green lines were calculated from the PSD plot (Qlong vs 279 

Qshort) acquired with the AmBe source alone as the lines which enclose the region of the neutron 280 

signals. As can be seen, the PSD is dominated by the 137Cs signals, especially with the 60 μSv/h 281 
137Cs source, however the AmBe source is still detected below the 137Cs distribution. The tails of 282 

the neutron and γ-ray distributions can be identified. After applying the PUR, the pile up signals are 283 

correctly rejected. In fact, more than 95% of the signals above the neutron region are always 284 

discarded. With the 5 μSv/h 137Cs source, less than 5% of the signals inside the neutron region are 285 

erroneously rejected, whereas with 60 μSv/h source the rejection rate is around 20% for the stilbene 286 

and 50% for the EJ-276. Nonetheless, neutrons from the AmBe source are still detectable in spite of 287 

the low n/γ ratio. 288 
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 289 

Figure 14. The Qlong vs Qshort 2D histogram plot for the stilbene irradiated with an AmBe source (at 290 

1.5 mSv/h) and a 137Cs source (at 5 µSv/h on the left and at 60 µSv/h on the right), before applying 291 

the PUR algorithm. The green lines delimit the detected neutron signals. 292 

 293 

 294 

Figure 15. The Qlong vs Qshort 2D histogram plot for the stilbene irradiated with an AmBe source (at 295 

1.5 mSv/h) and a 137Cs source (at 5 µSv/h on the left and at 60 µSv/h on the right), after applying 296 

the PUR algorithm. The green lines delimit the detected neutron signals. 297 

Due to the lack of data measured with similar photodetectors (large SiPM arrays), the study of the 298 

linearity and the pile-up events was performed using as a reference the work by Bourne et al. [5]. 299 

Bourne et al. coupled a Ø5.08 cm × 5.08 cm cylindrical stilbene scintillator with a PMT. They 300 

demonstrated that their detection system is still able to detect neutrons when exposed to a radiation 301 

field of 1000 γ-rays per neutron impinging on the detector (with a maximum count rate of 105 cps), 302 

by implementing a more sophisticate PUR technique. The lower limit set in this work (at around 3-4 303 

× 103 cps) with respect to Bourne et al. is mainly due to the longer time profile of the signal 304 

produced by the SiPM array as compared to the PMT (the time window in [5] was 300 ns while in 305 

this work it was set to 4 µs). Below this limit, the proposed PUR algorithm is promising for 306 

application in neutron dose rate meters. Due to the dead time of our acquisition system, mainly 307 
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induced by the oscilloscope, at higher count rates the number of detected neutrons (among 30,000 308 

signals) was too low to evaluate the efficiency of the PUR. 309 

3.5 Neutron detection efficiency 310 

The neutron detection efficiency was calculated as the average of the intrinsic neutron efficiencies 311 

(ε) (as defined in [33]) measured in the linear range between 5 µSv/h and 1.5 mSv/h (see figure 4). 312 

The obtained values are 12% for the stilbene and 9% for the plastic, which correspond to 2.0 counts 313 

per nSv and 1.1 counts per nSv, respectively.  314 

It should be noted that the calculated efficiencies are hugely affected by the threshold because the 315 

pulse height spectrum in organic scintillators has a continuum shape and hence, all the counts below 316 

the threshold are not counted. If we apply the same energy threshold to both scintillators, e.g. 317 

250 keVee, which is the minimum threshold for the EJ-276, the calculated efficiency of the two 318 

detectors is comparable: 1.1 counts per nSv for the EJ-276 and 1.3 counts per nSv for the stilbene. 319 

3.7 Temperature dependence 320 

Both detectors, inside the light-tight box, were placed in a climate chamber in which the 321 

temperature was varied from -10°C to +40°C at a rate of 10°C h-1. Measurements were performed 322 

in 10°C steps with a 137Cs and an AmBe source independently. A thermocouple was placed close to 323 

the SiPM because of the different thermal inertia of the detector inside the box and the climate 324 

chamber. 325 

The temperature dependence of the detectors depends on both the variation of the scintillators’ light 326 

yield and the breakdown voltage. The combined effect was evaluated by measuring the variation of 327 

the Compton edge position (in the 137Cs spectrum), calculated as described in section 3.1. 328 

The contribution of the SiPM was calculated as in [34], considering that the breakdown voltage 329 

increases with temperature at a rate of 21.5 mV °C-1 and the gain linearly decreases accordingly 330 

[16]. The contribution of the SiPM to the variation of the Compton edge position was assumed 331 

proportional to the gain variation. Finally, the contribution of each scintillator was obtained from 332 

the comparison of the measured and calculated variation of the Compton edge position. Please note 333 

that the former is ascribed to the SiPM + scintillator system, while the latter is attributed to the 334 

SiPM only. 335 

Figure 16 compares the variation of the measured and calculated Compton edge position for both 336 

detectors. The x-axis is the temperature measured by the probe close to the SiPM. For the stilbene, 337 

below ~20°C the measured Compton edge position linearly decreases with temperature with a slope 338 

of -18.7 ± 0.4 channel °C-1 versus a variation of -12.7 channel °C-1 due to the SiPM only, i.e. the 339 

light yield of the stilbene decreases inducing a faster variation of the Compton edge position. Above 340 

20°C the stilbene light output increases and partially compensates the SiPM effect. 341 

Similarly, for the EJ-276, the Compton edge position decreases below 20°C (see figure 16). 342 

Nonetheless, the difference between the measured and calculated curves is smaller: -343 

 10.5		± 0.6 channel°C-1 versus -7.6 channel °C-1 respectively. Above 20°C, the temperature 344 

dependence is mainly attributed to the SiPM. This is partially in agreement with [35], where the 345 

variation of the Compton edge position measured by a PMT with a plastic scintillator is almost flat 346 

in the temperature range - 30°C – 20°C. However, in [35] the exact composition of the plastic 347 

scintillator is not specified. The total percent variation of the Compton edge position is around 25% 348 

for both detectors. 349 
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The variation of the PSD capability was also investigated with the AmBe source by observing both 350 

the variation of the PSD distribution, and of the FOM. Figure 17 shows the PSD distribution at 351 

different temperatures for the stilbene and the EJ-276, and figure 18 compares the variation of their 352 

FOM. In figure 17, the left and right Gaussian distributions (on both plots) are associated to γ-rays 353 

and neutrons respectively. 354 

In both detectors, up to 20°C, the shape of the PSD distribution remains unchanged but, as 355 

expected, the number of counts decreases with temperature because of the increasing breakdown 356 

voltage. For the stilbene, at 30°C and 40°C, the neutron distribution shifts to the right and the right 357 

tail of the γ-ray distribution increases. The intensity of the fast decay appears to decrease with 358 

temperature in favour of the slow component (according to equation 1). This effect is generally 359 

possible since the temperature can affect different scintillation mechanisms in different ways. For 360 

the EJ-276, the PSD distribution above 20°C shows an opposite trend as compared to the stilbene. 361 

The peaks of the two Gaussians slightly move to the left and in addition, some signals are detected 362 

in the region between the two distributions. At higher temperatures, the lower light yield of the EJ-363 

276 combined with the higher breakdown voltage of the SiPM has a large impact on the PSD 364 

analysis. A greater number of signals is in fact detected just above the digitizer threshold and it is 365 

well known that for low amplitude signals the discrimination is not clear. To overcome this limit 366 

and for a better comprehension, a higher bias voltage can be set in the EJ-276 detector. For both 367 

scintillators the temperature increase induces a broadening of the neutron and γ-ray distributions in 368 

the PSD plot resulting in the decrease of the FOM (see figure 18). 369 

To our knowledge, the variation with temperature of the light yield in organic scintillators has not 370 

been quantified yet. Baker et al. [36] reported a weak decreasing trend of the stilbene light yield 371 

with increasing temperature between -90 – 70°C, partially in agreement with this work. In [36] the 372 

stilbene was irradiated both with a γ-ray source and a neutron source. A study was performed with 373 

an anthracene crystal (comparable to the stilbene) in [37] only for a 6°C temperature range (22 –374 

 28°C) and only for γ-ray detection. In this study, a slightly linear decreases of the light output was 375 

measured of less than 10%. In [35], the temperature dependence of the stilbene is deeply 376 

investigated between -30°C and 60°C and the pulse shapes at different temperature are also 377 

reported. The pulse shape seems to be constant in the abovementioned range. However, the 378 

discussion is lacking and a more accurate study is necessary (e.g. fitting of the average signals). On 379 

the other hand, the light yield of plastic scintillators was considered temperature independent [38] 380 

until recent studies have demonstrated some dependence [39,40]. In [40], a small or almost null 381 

temperature dependence was measured for some plastic scintillators according to the substrate 382 

material. 383 

Figure 19 shows the variation of the neutron counts with temperature (15 minutes of acquisition 384 

time). The variation of the neutron counts with temperature is around 10% for both detectors, which 385 

is still acceptable for applications in radiation protection. The measured neutron counts with the 386 

stilbene has a minimum at 10°C, while the EJ-276 is almost flat up to 20°C and shows a decreasing 387 

trend above that temperature. This variability makes the temperature correction not an easy task. 388 

Further investigation such as measurements with a PMT and a pulse shape analysis should be 389 

performed. 390 
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 391 

Figure 16. Variation with temperature of the Compton edge position of a 137Cs source for the 392 

stilbene and the EJ-276. The x-axis is the temperature measured by a thermocouple close to the 393 

SiPM array while the temperature chamber was varied between -10°C and +40°C. The error bars 394 

are smaller than the data points. 395 

 396 

Figure 17. Variation of the PSD distribution measured with an AmBe source with the stilbene (left) 397 

and the EJ-276 (right) while the temperature varied between -10°C and +40°C. 398 
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 399 

Figure 18. Variation with temperature of the FOM measured with an AmBe source for the stilbene 400 

and the EJ-276. The x-axis is the temperature measured by a thermocouple close to the SiPM array, 401 

while the temperature in the chamber varied between -10°C and +40°C. 402 

 403 

Figure 19. Variation with temperature of the measured neutron counts (15 minutes of acquisition 404 

time) with an AmBe source for the stilbene and the EJ-276. The x-axis is the temperature measured 405 

by a thermocouple close to the SiPM array while the temperature in the chamber varied between -406 

10°C and +40°C. 407 

6. Conclusions 408 

In this paper, we evaluate and compare the performance of a stilbene and an EJ-276 plastic 409 

scintillators coupled with an 8 × 8 SiPM array J-30035-64P from SensL, in view of their potential 410 

application in the B-RAD portable survey meter for fast neutron detection. The reported results 411 

show that the energy resolution is 15% for the stilbene and 20% for the plastic with a 137Cs source. 412 

Moreover, the stilbene shows a better PSD capability compared to the EJ-276: a FOM of 1.5 is 413 

achieved with the minimum threshold of 100 keVee, while a threshold of 350 keVee had to be set to 414 

reach a sufficient discrimination with the plastic (FOM = 1.15). The calculated neutron detection 415 

efficiency is 12% for the stilbene and 9% for the plastic. The response of both detectors starts to 416 

deviate from linearity at 1 mSv/h photon dose rate, whereas the PSD is stable up to 1.5 mSv/h 417 
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neutron dose rate. When exposed to a mixed n-γ radiation field, the FOM of both scintillators 418 

drastically drops above 3 - 4 × 103 cps. Below this limit, a Pile-Up Rejection algorithm can reduce 419 

the detection of false neutron events by one order of magnitude without affecting the detection 420 

efficiency. The two scintillators show similar performance in terms of temperature variation in the 421 

range -10°C to +40°C. The variation of the measured Compton edge position is around 25%, while 422 

the variation of the neutron count rate is around 10%. A deeper investigation of the PSD 423 

distribution as a function of the temperature shows a different behaviour of the two scintillators 424 

above 20°C. which has to be confirmed by further measurements. 425 
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