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Abstract: 7 

This work discusses the process of optimising the performance of a compact dual-particle 8 

imager with a fast response time of 60 s and a signal processing time of 60 s. The imaging 9 

concept relies on a radiation scattering technique with a neutron-scattering sub-system, a 10 

Compton-scattering sub-system and a thermal neutron absorption layer. The enhanced 11 

design proposed here reduces the signal processing time compared to earlier work. The 12 

time lagging occurs mainly during neutron-gamma discrimination within the neutron 13 

scattering sub-system. Hence, the optimisation here which mainly targets investigating two 14 

promising dual particle detectors EJ-212 and EJ-276D as possible replacement for the EJ-15 

204 in the original device. The results indicated that EJ-212 and EJ-276D offer similar 16 

elastic scattering and escape probabilities of neutrons at energies less than 100 keV. At 17 

energies higher than 500 keV, the elastic scattering probabilities increase with thickness, 18 

reaching a maximum around 24% in both detectors. As for gamma-ray photons, the results 19 

showed that the two detectors have similar total mass attenuation coefficients. Further 20 

investigation showed that EJ-212 exhibits a higher Compton scattering cross-section with 21 
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respect to EJ-276D. Additionally, results show that EJ-276D maintains the imager intrinsic 22 

efficiency while offering built-in neutron-gamma discrimination abilities.  23 

 24 

Keywords: Neutrons; gamma photons; dual particles imagers, EJ-212 plastic scintillator, 25 

EJ-276D plastic scintillator.  26 

 27 

1. Introduction 28 

Localisation and characterisation of radiation sources and nuclear material is indispensable 29 

in many fields including, counterterrorism, borders security, nuclear industry, nuclear 30 

medicine, medical imaging and molecular imaging [1]. With the reported increase in the 31 

number of nuclear applications around the World, especially in the nuclear power industry, 32 

the need for fast, accurate and portable imaging systems that can localize radiation sources 33 

and nuclear material has become vital. 34 

 35 

There are several imaging systems that offer accurate localisation and characterisation 36 

abilities in single mode radiation field emitters. However, the type of radiation emitted 37 

varies across sources and nuclear materials and thus mixed field radiation detection has 38 

gained noticeable interest in recent years [1]. Sensitivity to both neutrons and gamma 39 

photons allows a wider range of radioactive sources and nuclear materials to be monitored 40 

and identified such as Special Nuclear Materials (SNM) and radiation protection 41 

applications [2][3][4]. Yet, a key challenge in radiation imaging is the development of a 42 

fast and accurate compact and portable imaging system that can efficiently detect and 43 
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accurately identify the origin of highly penetrating neutrons and energetic gamma photons, 44 

both of which are emitted by SNM [1].  45 

The main types of dual particle imager, as described in literature, are pixelated detectors, 46 

coded aperture imaging systems and multilayer scattering imaging systems [1]. Among 47 

these techniques, scatter imaging systems simultaneously offer the optimum combination 48 

of detection efficiency and spatial resolution, a feature that allows a wider range of 49 

applications. Under this criterion, large imaging systems offer higher sensitivity and higher 50 

spatial resolution abilities, although applications are limited by their size [3][4]. Other 51 

portable systems are restricted to passive fast neutron-gamma imaging systems where a 52 

collimated beam of radiation field from a well-defined source is targeted [5]. This technique 53 

limits target applications of the imager as well as its sensitivity since only radiation fields 54 

from a selected direction are allowed to reach the detection medium. Several dual-particle 55 

imagers offer portability and allow wider angular view such CdZnTe based imager 56 

[6]stilbene organic scintillators [7] and CLYC-6 imager [8]. For some of these systems, the 57 

energy range is confined.  58 

 59 

The portable dual-particle imager system proposed in earlier work by the authors of this 60 

manuscript was composed of three layers of detectors capable of imaging thermal neutrons, 61 

fast neutrons and gamma photons simultaneously [9]. With a scan time of 60s, the imager 62 

could locate radiation sources with a 15o angular resolution. While the system could analyse 63 

mixed radiation fields, longer processing time was required for PSD analysis of neutron-64 

gamma events in the chosen plastic scintillator, namely the EJ-204 [9]. That is because 65 

pulses from EJ-204 exhibit a very fast decay time, 1.8 ns, and very short pulse width, 2.2 66 
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ns [9][10]. This can be mitigated by choosing a material featuring a longer decay time or 67 

inherently better neutron-gamma discrimination abilities. 68 

Unlike many other types of detectors, plastic scintillators offer the flexibility of being 69 

tailored to a required shape or size, non-toxicity and non-flammability [11]. These features 70 

are highly desirable in a portable neutron-gamma imager. EJ-204 plastic scintillators have 71 

been already investigated for their ability to scatter fast neutron within dual particle imagers 72 

[9]. According to literature EJ-212 and EJ-276D can overcome the drawbacks in EJ-204 73 

used in the fast neutron scattering sub-system [12][13][14][15]. EJ-212 offers similar 74 

features to EJ-204 with long optical attenuation length and an emission spectrum that 75 

matches most common photomultipliers. However, it has a longer decay time of 2.4 ns 76 

compared to EJ-204 [16]. EJ-276D offers inherently superior neutron-gamma 77 

discrimination abilities due to it is slow decay time, reportedly hundreds of nanoseconds 78 

[14][15]. This arises from the fact that short ranged energetic protons produced by the 79 

interaction of neutrons with the scintillator results in higher density of triplet excitations 80 

states. As a result, neutrons and gamma-ray photons will produce different triplet-tripled 81 

annihilation processes and different longer decay time [17][18]. These features ensure that 82 

these two are a suitable replacement for the EJ-204 in the neutron scattering sub-system in 83 

the proposed novel compact dual-particle imager proposed in the earlier work by the author 84 

[9].  85 

In this work EJ-212 and EJ-276D plastic scintillators will be investigated for their abilities 86 

to attenuate fast neutrons and gamma photons at different energies. The results of this 87 

investigation will be used is means of enhancing the performance of the above mentioned 88 

dual-particle imager by replacing the plastic scintillator in the system. Additionally, the 89 
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study aims to test the performance of the imager by calculating the intrinsic efficiency of 90 

the system using these two scintillators. 91 

 92 

2. Materials and Methods 93 

2.1 Imaging Concept. 94 

The imaging concept of the system relies on radiation scattering techniques for both fast 95 

neutrons and gamma ray photons with a series of three layers of detectors separated by 96 

distances 𝑑1  and 𝑑2 as shown in Fig. 1. Both 𝑑1  and 𝑑2 are set to be 30 mm. 97 

 98 

Fig.  1 A schematic of the imager consisting of four detectors arranged in three layers each layer 99 

backed with an 8x8 pixelated SiPM array. The three layers are arranged consecutively in a row 100 

joined by the same central axis. The figure inset gives a side view of the imager. In this side 101 

elevation view, separation distances between layers are shown and labeled as d1 and d2. Both d1 102 

and d2 are set to be 30 mm. 103 
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In the original study by H. Al Hamrashdi et al. [9] the analogy of the radiation imaging 104 

starts with a layer of a 10-mm thick Li-based glass detector (GS10) [19] combined via an 105 

optical gel with a 20-mm thick plastic scintillator (EJ-204)[12]. The role of the former is to 106 

capture thermal neutrons (neutrons with most probable energy of 0.025 eV) via 6Li(n,𝛼)3H 107 

thermal neutron capture reaction, and the role of the latter is to scatter fast neutrons. 108 

Scattered neutrons will then interact in the GS10 glass detector in the second layer of the 109 

imaging system. Both layers are backed with high fill-factor J-series SiPM sensor array 110 

(ArrayJ-30035-64P- PCB 8 × 8 SiPM, Onsemi [20] ) used as the photodetector. The 111 

interaction of neutrons in this layer is mainly attributed to capture reactions. In this imaging 112 

system, a fast neutron undergoes elastic scattering whilst interacting with the protons within 113 

the plastic scintillator in the first layer followed by a capture (or inelastic scattering) in the 114 

glass scintillator in the second layer. The scattering angles and incident trajectories can be 115 

calculated from the relative positions of the detected pulses via the position of activated 116 

pixels in the SiPM array. The energy of an incident neutron is the sum of the energy of the 117 

scattered proton, 𝐸𝑝, in the plastic scintillator and of the energy of the scattered neutron, 118 

𝐸𝑛′, that is detected in the second GS10 glass scintillator [21]. These energies are related 119 

to the scattering angle, 𝜗, through eqn (1).:   120 

                              tan 𝜗2  =  
𝐸𝑝

𝐸𝑛
′                      (1) 121 

The energy of the scattered neutron can be calculated using the measurements of the time-122 

of-flight (TOF) between the first and the second layers in seconds, as shown in eqn (2).  123 

𝐸𝑛
′  =  

1

2
 𝑚𝑛 (

𝑑

𝑇𝑂𝐹
)

2

            (2) 124 
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Where 𝑚𝑛is the mass of neutrons in kilograms and 𝑑 is the distance in meters between the 125 

centre of the plastic scintillator in the first layer and the centre of the GS10 glass detector 126 

in the second layer. For every single neutron scattering event, the position of the scattering 127 

event is found from the pixelated SiPM, with a precision equal to the size of the pixel (3.07 128 

× 3.07 mm2), the energy of the scattered proton, the energy and the scattering angle of the 129 

fast neutrons will then be used to create a probability cone. The compound images of the 130 

probability cones (of the circular base of the cones) for all successful scattering events will 131 

give the location of the fast neutron source. A schematic of the neutron imaging sub-system 132 

is given in Fig. 2.  133 

 134 

 135 

Fig.  2 Neutron scattering sub-system. 136 

Gamma-ray sources are imaged using Compton scattering technique in the second and the 137 

third layers of the imaging system [22]. The design of the imaging system, particularly the 138 

design of the first layer, ensures that gamma photons will solely interact in the second and 139 

the third layers of the design. Incident gamma photons in the Compton energy range (∼10 140 

keV–∼10 MeV) will undergo Compton scattering in the GS10 detector of the second layer. 141 

The location of the interaction position and the energy of the Compton electrons, 𝐸𝑒, will 142 

be registered via the pixelated SiPM array in this layer. Scattered gamma photons will then 143 
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undergo the photoelectric effect in the CsI(Tl) detector in the third layer. The energy of the 144 

scattered photon, 𝐸𝛾
′ , will be registered via the pixelated SiPM array as shown in Fig. 3. 145 

 146 

Fig.  3 Gamma Compton scattering sub-system. 147 

Using the registered information in layers two and three, the scattering angle of the incident 148 

is calculated using the following equation: 149 

𝑐𝑜𝑠∅ = 1 − 𝑚𝑐2((
1

𝐸𝛾
′ ) − (

1

𝐸𝛾
′ −𝐸𝑒

))      (3) 150 

where 𝑚𝑐2is the rest mass of the electron in units of energy. For every Compton scattering 151 

event, a probability cone will be generated using the location of the pixel were the Compton 152 

scattering event was registered (cone’s apex) and the scattering angle ∅ to create the base 153 

of the cone. The intersection of all cones generated by all successful Compton scattering 154 

events will be used to find the location of gamma-ray sources. The energy of incident 155 

gamma photons is found using the sum of the deposited Compton electron energy in layer 156 

two and the deposited energy of the scattered photon in layer three. All four detectors in 157 

the imager have an active detection area of 27mm x 27mm. 158 

 159 

2.2 EJ-212 and EJ-276D Plastic Scintillators. 160 
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EJ-212 and EJ-276D scintillators share the same original base of a plastic matrix of 161 

polyvinyl toluene and fluors. The variation in this combination gives each scintillator its 162 

unique properties. Both scintillators investigated in this study are from Eljen Technology 163 

where EJ-212 is the equivalent to NE-102A and BC-400 commercial scintillators and EJ-164 

276D is a gamma-fast neutron pulse shape discrimination  scintillator that is currently used 165 

to replace EJ-276, EJ-299-33, and EJ-299-34 [12][13]. The scintillation output of EJ-212 166 

is 10,000 photons/MeV e- slightly higher than that for EJ-276D which is 8,000 167 

photons/MeV e-. The maximum wavelength for these scintillation photons is around 423 168 

nm for EJ-212 and 425 nm for EJ-276D. These two wavelengths coincide with the photon 169 

detection efficiency range of Onsemi SiPM J-series array [20] that is used in this imager as 170 

the photomultiplier. In terms of material density, EJ-212 has a slightly lower density 171 

compared to EJ-276D with a reported density of 1.023 for the former and 1.099 for the 172 

latter. When it comes to neutron interaction with detection material, it is the light nuclei 173 

content that greatly affects the interaction cross section. EJ-212 is composed of 8.5% 174 

(5.17x1022 atoms per cm3) Hydrogen and 91.5% (4.69x1022 atoms per cm3) Carbon, while 175 

EJ-276D is composed of 7.3% (4.647x1022 atoms per cm3) Hydrogen and (4.944x1022 176 

atoms per cm3) 92.7% Carbon.  177 

 178 

2.3 Means of comparison and calculations of interest 179 

Optimising this instrument involves maximising the neutron elastic scattering abilities of 180 

the plastic scintillator, while minimising neutron absorption. The response of each detector 181 

was investigated at 10 varying thicknesses (10 mm, 20 mm, 30 mm, 40 mm, 50 mm, 60 182 

mm, 80 mm, 100 mm, 150 mm, 250 mm) at 6 different energies: (1 keV, 10 keV, 100 keV, 183 
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0.5 MeV, 1 MeV and 5 MeV).Gamma photons attenuation was investigated at 8 different 184 

energies: ( 0.01 MeV, 0.025 MeV, 0.05 MeV, 0.1 MeV, 0.7 MeV, 1.0 MeV, 5 MeV and 10 185 

MeV). This range of energies covers the range of possible gamma photon energies in 186 

radiation detection applications [1]. Total mass attenuation coefficient can be calculated 187 

using eqn. (4): 188 

mnx189 

Where  is the linear attenuation coefficient,  is the mass density of the detector, I is the 190 

intensity of radiation after passing through thickness x of the material in hand and Io is the 191 

original intensity of the incident radiation field. To further investigate the two detectors for 192 

SNM non-proliferation applications, Compton scattering cross sections for the two 193 

detectors at 25 mm were found at 8 different energies. Lower Compton scattering 194 

probabilities will further verify the abilities of the detector to substitute EJ-204 in the 195 

neutron scattering sub-system. The overall performance of the imager was examined with 196 

the two candidate detectors. The intrinsic efficiency was calculated using a Cf-252 source. 197 

 198 

The testing environment was simulated using Monte Carlo simulations in Geant4.11.1 199 

simulation toolkit with room temperature (293 K) assumed throughout [23].  Cross section 200 

data for fast neutrons simulations are based on G4NDL data libraries which is based on 201 

multiple libraries including ENDF/B-VII.0 and JENDL-4.0 [23]. Gamma simulations in 202 

Geant4 are based on Electromagnetic (EM) physics modelling. The model is based on the 203 

Livermore evaluated library [23]. The geometry of the detectors follows the same geometry 204 

as the EJ-204 detector described in section 2.1. 205 

 206 
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3. Results and discussion  207 

3.1  EJ-212 and EJ-276D neutron attenuation abilities 208 

The simulation results of single elastic scattering efficiency and escaping probability versus 209 

thickness for EJ-212 are illustrated in Fig. 4. The trend of elastic scattering probability as a 210 

function of thickness varies among this list of energies. At 5.0 MeV elastic scattering 211 

probability reaches a peak of 22 % of the total events at around 60 mm thickness before 212 

declining as this increases. The peak shifts to smaller thicknesses at 1.0 MeV and 0.5 MeV. 213 

At 100 keV, 10 keV and 1.0 keV the probabilities of elastic scattering decreases with 214 

increasing EJ-212 thickness. A common trend for all incident neutron energies in Fig. 4 is 215 

the exponential decay of the escaping probabilities as a function of thickness in EJ-212. 216 

However, the decrease in the escaping probability at energies 5.0 MeV, 1.0 MeV is less 217 

rapid compared to that at lower energies namely the 1.0 keV and the 10 keV energies.  218 

Similarly, neutrons single elastic scattering probability and escaping probability in EJ-219 

276D were investigated and the results are shown in Fig. 5. The trend of elastic scattering 220 

probability as a function of thickness varies among this list of energies with both 221 

probabilities decreasing as the thickness increases. At 5.0 MeV elastic scattering 222 

probability reaches a peak of at around 50 mm thickness before declining as the thickness 223 

increases. The peak shifts to smaller thicknesses at 1.0 MeV and 0.5 MeV. Like EJ-212, at 224 

lower energies as can be seen in Fig. 5 (a), (b) and (c), the probabilities of elastic scattering 225 

decreases with increasing EJ-276D thickness. A mutual trend for all incident neutron 226 

energies in Fig. 4 is the exponential decay of the escaping probabilities as a function of 227 

thickness in EJ-276D. Like EJ-212, the decrease in the escaping probability at energies     228 

5.0 MeV, 1.0 MeV and 0.5 MeV is less rapid compared to that at lower energies. Overall, 229 



 12 

both detectors exhibit similar fast neutrons attenuation abilities. Same conclusion stands 230 

for 0.5 MeV neutrons passing through EJ-212 (Fig.4 (d)) albeit the very close elastic and 231 

escaping probability results. There are marginal differences between elastic scattering 232 

probabilities and escaping probabilities compared to the same setup for EJ-276D, yet the 233 

results follow the same trend with elastic scattering probabilities reaches a maximum and 234 

eventually overcomes escaping probabilities at higher thicknesses. 235 
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 236 

Fig.  4 Elastic scattering probability and escaping probability in EJ-212 at (a) 1.0 keV, (b) 10 237 

keV, (c) 100 keV, (d) 0.5 MeV (e) 1.0 MeV and (f) 5.0 MeV. 238 
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Fig.  5 Elastic scattering probability and escaping probability in EJ-276D at (a) 1 keV, (b) 10 

keV, (c) 100 keV, (d) 0.5 MeV (e) 1 MeV and (f) 5 MeV. 
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3.2 EJ-212 and EJ-276D attenuation abilities of gamma photons 241 

The total mass attenuation coefficients in the energy range between 0.01 MeV and 10 MeV 242 

were calculated using eqn(2) for both EJ-212 and EJ-276D. The results were compared to 243 

NIST values (extracted using XCOM database 3.1[9]) at this energy range as shown in Fig. 244 

6. The results show good agreement with the expected mass attenuation coefficient values 245 

from NIST, with the mass attenuation coefficient decreasing with increasing gamma 246 

energy. Compared to the results given by H. Al Hamrashdi et. al [11], both detectors have 247 

similar mass attenuation coefficients as the widely used EJ-309 gamma-neutron detector, 248 

which reflects their ability to be used in gamma ray imaging. 249 

 250 

To further investigate the abilities of the two detectors in being used in Compton scattering imaging 251 

systems, appropriate probabilities for each detector were studied as functions of incident energy 252 

as shown in Fig. 7 (with the thickness of the two plastic scintillators fixed at 25 mm). The figure 253 

shows that for both detectors the probability of Compton scattering increases between 0.01MeV 254 

Fig. 6 Total mass attenuation coefficient as function of energy for EJ-212 

plastic scintillator and EJ-276D. 
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and 0.05 MeV before it starts gradually declining beyond this energy. In general, EJ-212 showed 255 

higher Compton scattering abilities compared to EJ-276D, with highest percentage difference of 256 

11.4 % recorded at the same location as the highest Compton scattering probability for both 257 

detectors at an energy of 0.05 MeV. This is attributed to the fact that the probability of Compton 258 

scattering decreases with the increase of energy beyond 0.05MeV [21]. Another relevant 259 

conclusion from the results here is that at any given thickness, EJ-276D causes less Compton 260 

scattering events compared to EJ-212, hence less gamma scattering events will occur within this 261 

detector in the neutron scattering sub-system in the dual particle imager. 262 

 263 

3.3 Special case study: Testing new configuration of a dual particle imaging system 264 

with EJ-212 and EJ-276D. 265 

EJ-212 and EJ-276D scintillators were investigated as potential replacements of EJ-204 in 266 

the dual portable particle neutron- gamma-scattering system proposed by H. Al Hamrashdi 267 

Fig. 7 Compton scattering probability as function of energy for EJ-212 and EJ-276D 

plastic scintillators at 25 mm thickness. 
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et. al. [9]. The imaging concept discussed in section 1.3 explained the neutron scattering 268 

imaging concept and how neutron detection happens within the system. Using Cf-252 with 269 

an average energy of 2.1 MeV as a neutron source, the intrinsic efficiency in that system 270 

was found to be 6.1 × 10−3. In this work, the simulations were repeated using the same 271 

neutron source, but with different scattering layers. The intrinsic efficiency of the system 272 

using EJ-212 was found to be 5.9×10-3, whereas the intrinsic efficiency of the system using 273 

EJ-276D is 6.1×10-3. Compared to the reported value with by H. Al Hamrashdi et. al. [9], 274 

EJ-276D scored the fast neutrons intrinsic efficiency as EJ-204, whereas EJ-212 scored 275 

slightly lower efficiency. Based on the results above, EJ-276D offers advantageous features 276 

and therefore is currently the most appropriate candidate to EJ-204 detector in the dual 277 

particle imaging system. 278 

4. Conclusions 279 

Within this study, the performance of a hybrid portable dual particle imager was enhanced 280 

by investigating two plastic scintillators, namely EJ-212 and EJ-276D, as neutron scattering 281 

layers within its neutron scattering subsystem. The two candidates were tested for their 282 

neutron attenuation abilities and gamma attenuation abilities using a wide range of energies. 283 

The overall intrinsic efficiency of the system with the two scintillators was investigated 284 

using Monte Carlo simulations with Cf-252 as a fast neutron source. The results indicated 285 

that both detectors share similar fast neutron scattering efficiencies. These results agree 286 

with the measurements of fast neutrons intrinsic efficiency of the system using the two 287 

detectors. The intrinsic efficiency of EJ-276D was found to be in the order of 6.1×10-3, 288 

whereas the intrinsic efficiency of EJ-212 was found to be in the order of 5.9×10-3. 289 
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Compared to EJ-204 detectors, EJ-276D maintains the imagers fast neutrons detection 290 

efficiency while EJ-212 exhibits lower fast neutrons detection efficiency. These results 291 

along with the reported built-in PSD abilities of EJ-276D show that the detector is the best 292 

replacement for EJ-204, and it will enhance the original processing time of the imager while 293 

maintaining its computationally and experimentally reported efficiencies. It is worth 294 

pointing out that this work was to model similar scintillators for an instrument design that 295 

is apprehensive with uncertainties that shall be addressed next as experimental work. 296 

Nevertheless, clearly this work marks the next stage for the imager in hands and built the 297 

foundation by sensibly modelling plastic scintillators with subtle but potentially impactful 298 

differences. While the gains may appear marginal, their significance lies in the results that 299 

is presented in this work.  300 
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