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ABSTRACT: It is widely understood that proton beam therapy has considerable clinical benefits 

over photon therapy for treating certain types of tumours. Protons deposit most of their energy in 

a very localised area, the so-called Bragg peak, sparing surrounding healthy tissue and critical 

organs from radiation. However, secondary neutrons and gamma rays are generated in the beam 

nozzle and inside the patient. Clinically, it is highly desirable to monitor the neutron dose the 

patient is exposed to, and this requires a neutron detector sensitive to high energies. EJ299-33 is 

a solid plastic scintillator capable of discriminating neutrons from gamma rays using pulse shape 

analysis of scintillation light. EJ299-33 has the potential to detect neutrons with energies up to 

100 MeV and does not present leakage and flammability hazards generally associated with liquid 

scintillators. Experimental measurements with 60Co, 137Cs and 241AmBe sources were performed 

to calibrate and optimise pulse shape discrimination parameters. We also performed experimental 

measurements at the Clatterbridge Cancer Centre in a 60 MeV passive scattered beam to detect 

high energy neutrons. 
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1. Introduction 

Proton therapy draws growing attention worldwide because of its significant integral dose 

reduction. However, secondary particles such as neutrons and gamma rays are generated due to 

proton inelastic nuclear interactions with the beam nozzle and patients. Neutron energy ranges 

from thermal up to the proton beam energy [1]. They are hazardous as the biological effect of 

1 MeV neutrons is roughly 20 times higher than 1 MeV photons [2]. This raises radiation safety 

concerns associated with the induction of secondary cancers, especially for paediatric patients, 

since secondary cancers tend to appear after a few decades after irradiation [3]. 

A variety of neutron studies during proton beam therapy have been carried out using detectors 

such as Bonner sphere spectrometers (BSS) [4, 5], 3He proportional counters [6] and WENDI-2 

dosimeters [5]. A detector, which can detect high energy neutrons and measure the neutron energy 

spectrum, is highly desirable as the neutron energy distribution changes with the direction from 

the beam axis. 

In 2012, the use of a solid organic plastic scintillator (Eljen EJ299-33) for the detection of neutron 

and gamma fields with pulse shape discrimination (PSD) technique was first reported [7]. This 

scintillator has the potential of measuring neutron energies up to 100 MeV [8]. Moreover, it has 

the additional merit of being free of safety hazards associated with liquid scintillators (e.g. 

leakage, flammability and toxicity). 

In this work, we investigate optimising the PSD parameters of EJ299-33 organic plastic 

scintillator for the detection of secondary neutrons in proton beam therapy using the RadICAL 

technique [9]. 
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2. Methodology 

This part includes the description of the detector assembly, PSD technique and the Figure of Merit 

(FoM) to quantify its performance.  

2.1 Detector assembly and readout 

The scintillator is 11 cm×2.5 cm×1.5 cm and one end of the scintillator is coupled to an ET 

Enterprise 9102B photomultiplier tube (PMT). The system is assembled inside a plastic enclosure, 

as shown in Figure 1a. The dimensions of the scintillator were optimized as for the RadICAL 

(Radiation Imaging Cylinder Activity Locator) system, where a long, thin rotating scintillator 

provides information to locate a radiation source [9, 10]. The PMT high voltage is supplied by a 

CAEN V6533N module and the signal output is analysed by a CAEN V1751 digitiser, with online 

digital pulse processing performed by a field-programmable gate array (FPGA). A CAEN V1718 

module is used to communicate with a PC and the modules are powered by a CAEN VME8004B 

crate, as illustrated in Figure 1b. 

 
(a)                                                                            (b) 

Figure 1. a) The scintillator and PMT assembly. b) Illustration of the detection system (not to scale). 

2.2 Pulse shape discrimination (PSD) technique 

The PSD technique relies on the different shapes as a function of time of the pulses of scintillation 

light produced by different particles. Gamma rays and fast neutrons interact differently in the 

scintillator: gamma rays produce secondary electrons mainly via Compton scattering, while fast 

neutrons undergo elastic interactions with hydrogen nuclei, producing recoil protons. Secondary 

electrons and recoil protons both produce a prompt fluorencense (tens of nanonseconds) in the 

scintillator, but due to the higher LET of protons, there is an important delayed fluorescence 

(hundereds of nanonseconds) that can be used in the pulse analysis to differentiate neutrons from 

gamma rays [11]. 

 

An example of the different pulse shapes of gamma rays and neutrons is illustrated in Figure 2. 

Two simultaneous but varying time gates, Tshort and Tlong, are used to collect the integrated signal 

from the PMT, Qshort and Qlong, respectively. Qshort is mainly the fast component of the signal, 

whereas Qlong is the total charge of the pulse. The PSD is  the ratio of the slow component, Qtail, 

(i.e. Qlong – Qshort), to the total charge, as shown in equation 1. Thus if a mixed neutron-gamma 

field is studied, a histogram of PSD values will have two peaks. 

 

𝑃𝑆𝐷 =
𝑄𝑙𝑜𝑛𝑔−𝑄𝑠ℎ𝑜𝑟𝑡

𝑄𝑙𝑜𝑛𝑔
    Equation 1 
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Figure 2. Illustration of PSD principle for a neutron and a gamma ray. 

2.3 A Figure of Merit (FoM) for quantifying PSD performance 

A FoM can be used to quantify the PSD peformance of the detector. The FoM is defined as the 

ratio of the separation between the neutron and gamma peaks to the sum of their Full Width Half 

Maxima (FWHM), as shown in equation 2 and illustrated in Figure 3. Two Gaussian fits are 

performed, where the difference between the mean of the two distributions is the separation and 

the FWHM is calculated as 2√2 ln 2𝜎, where σ is the Gausssian standard deviation. The higher 

the FoM, the better the discrimination between neutron and gamma signals. Also, an energy 

threshold can be applied to improve the PSD performance. 

 

𝐹𝑜𝑀 =
𝑆𝑒𝑝𝑎𝑟𝑎𝑡𝑖𝑜𝑛

𝐹𝑊𝐻𝑀𝑔𝑎𝑚𝑚𝑎+𝐹𝑊𝐻𝑀𝑛𝑒𝑢𝑡𝑟𝑜𝑛
            Equation 2 

 

 

Figure 3. Illustration of the FoM parameters for the assessment of the goodness of the discrimination 

between gamma rays and neutrons. 

We performed experimental measurements using gamma sources for energy calibration, mixed 

neutron-gamma fields from 241AmBe source to optimize the PSD parameters and performed 

measurements of neutron-gamma fields generated during proton beam therapy. In all cases, the 

long axis of the scintillator was perpendicular to the beam or sources. 
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3. Results and discussion 

3.1  Energy calibration with gamma sources 

To calibrate the detector, 60Co and 137Cs gamma sources were used. Due to the dimensions of the 

scintillator, it can be assumed that gamma rays lose their energy mainly by Compton scattering, 

and thus the Compton edge has been used for calibration purposes. The sources were placed on 

the top of the scintillator and two different PMT voltages, 800 V and 900 V, were applied. The 

theoretical Compton edge was calculated to be 447 keV and 1041 keV for 137Cs and 60Co, 

respectively. Since the detector has in general a poor energy resolution, for 60Co, we use the 

average energy of the 1173 keV and 1333 keV peaks. The Compton edge was calculated by 

performing a linear fit at the right edge of the total charge (Qlong) histogram, which represents the 

Compton continuum. The Compton edge was defined when the 80% of the edge maximum is 

reached [12, 13], as shown in Figure 4a. Figure 4b shows the linear fits for energy calibration at 

800 V and 900 V. 

 
(a)                                                                               (b) 

Figure 4. a) Compton edge determination from a 60Co energy histogram at 900V with Poisson error bars. 

b) Energy calibration using 60Co and 137Cs gamma sources. The errors are calculated from the linear fit 

performed in a). 

We used the fits in Figure 4b to extrapolate the energy to the last channel. The limit, which is 

given in electron equivalent energy (amount of energy converted to light by recoil electrons), is 

~20 MeVee at 900 V and ~34 MeVee at 800 V. Since the energy calibration was performed using 

gamma rays, the neutron energy might not follow the same gamma energy scale. In this paper we 

use both voltages to investigate the neutron response of the detector. 

3.2 Neutron-gamma PSD with 241AmBe source 

Experimental measurements with a 241AmBe source were performed at the Central Teaching Hub 

of the University of Liverpool. The source was placed at one side of the water tank and a 4 mm 

thick cadmium sheet was used to shield the detector from low energy neutrons (below 0.5 eV), as 

shown in Figure 5. 

 
Figure 6a shows a PSD histogram with its Gaussian fit when the detector was exposed to the 

source. The FoM was found to be 0.85 ± 0.01 when using a threshold of 3 MeVee. Figure 6b 

shows a scatter plot of the PSD as function of Qlong. We can see a high concentration of events at 

low energy and events are better discriminated at high energy. This will be to our advantage since 

we are interested in fast neutron detection and we can discard low energy particles. 
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Figure 5. Illustration of the neutron-gamma measurements with an 241AmBe source (top view and not to 

scale). 

     

Figure 6. a) Histogram of PSD values (solid line) with two Gaussian fits (dotted line) to calculate the FoM 

using a 3 MeV threshold. b) 2D scatter of PSD values as a function of energy. The voltage was fixed at 

800 V, Tshort at 52 ns and TLong at 320 ns. For these measurements, 10 cm of lead was used to shield the 

detector from low energy gamma rays. 

We studied the effects of changing the timing gate durations, Tshort and Tlong, independently. In 

Figure 7a, we used Tshort = 28 ns and we observe poor discrimination between neutrons and 

gamma rays. Furthermore, there is an obvious bend for gamma rays above ~5 MeVee. This could 

be caused by three possible reasons. Firstly, the distortion can be attributed to a saturation in the 

photomultiplier system [14]. Secondly, the relation between light output and energy deposited in 

EJ299-33 is not linear. In fact, it increases exponentially when more energy is deposited in the 

scintillator [15]. Thirdly, it could be possible that high energy neutrons might have a different 

pulse shape than low energy neutrons (e.g. other fluorescence components become more 

prominent) such that the short gate is optimised for lower energy neutrons rather than higher 

energy neutrons. This could be supported by the fact that a deep bend is observed in 28 ns Tshort 

and a shallow bend is found in 102 ns Tshort. On the other hand, if Tshort is above ~100 ns, Qtail 

considerably decreases and the overall PSD values are too low, resulting in missed information 

from low energy particles, as shown in Figure 7b. 

 

When using a Qlong of about 320 ns (see Figure 8a), the PSD range becomes narrower, while a 

longer Qlong creates a broader PSD range as shown in Figure 8b. However, the Qlong duration does 

not make a significant difference since the slow component of the pulse is already included in 

Qtail at these energies. 

 

A Tshort of around 50 ns seems to be reasonable for the discrimination of neutron-gamma and a 

Tlong of 500 ns seems to be conservative to collect the slow fluorescence components. In the 
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following section we will discuss the measurements made with a neutron-gamma mixed field 

during proton beam therapy. 

 

 

Figure 7. 2D scatter plots of PSD as a function of energy when a) Tshort = 28 ns and b) Tshort = 102 ns. The 

voltage was fixed at 900 V and Tlong at 500 ns. 

 

Figure 8. 2D scatter plots of PSD as a function of energy when a) Tlong = 320 ns and b) Tlong = 520 ns. The 

voltage was fixed at 900 V and Tshort at 74 ns. 

3.3 Secondary neutron measurements with a 60 MeV proton beam 

Secondary neutrons generated by a 60 MeV passive scattered proton beam were measured at the 

National Eye Proton Therapy Centre at the Clatterbridge Cancer Centre [16]. Firstly, we 

performed measurements of secondary neutrons with a completely blocked nozzle, to simulate 

the maximum neutron flux and secondly, we irradiated a paraffin target with protons and placed 

the detector at different angles around the phantom. 

3.3.1 Secondary neutrons from protons stopped at the beam nozzle 

To maximize the generation of secondary neutrons in the nozzle, we used a 3 mm diameter brass 

collimator blocked with a brass stopper, as shown in Figure 9. The scintillator was positioned 

perpendicular to the beam line 100 cm from the nozzle. The neutron energy should range up to 

60 MeV, but due to our PMT limitations, we are only able to detect neutrons up to ~35 MeVee.  

 

We observed mainly neutrons in this measurement. We believe that gamma rays produced in the 

nozzle are present, but in the background. There is a drastic change above ~12 MeVee on the PSD 

values where they become linear as a function of energy. This could indicate that as the energy 

of the particle increases, Qtail becomes more important. Besides the possible reasons discussed in 
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section 3.2, we also need to take into account that the interaction of neutrons in the scintillator is 

complex. Recoil protons are produced after elastic collisions with 1H and the energy transferred 

to the protons by the neutrons depends on the scattering angle, which results in a wide energy 

distribution of recoil protons. Furthermore, some recoil protons are likely to escape the 

scintillator, depending on the locations of the elastic collisions and their energy. A 

characterization of these interactions is still needed. Further improvements can be made by using 

a photomultiplier with a lower gain. 

 

                       
(a)                                                                          (b) 

Figure 9: a) Experimental setup of a 60 MeV proton beam line with a blocked collimator (not to scale). b) 

A top view of 3 mm collimator and its stopper. 

 
Figure 10. 2D scatter plots of PSD as a function of energy at 800 V. Tshort was fixed at 52 ns and Tlong at 

500 ns. 

3.3.2 Secondary neutrons from proton irradiation of a paraffin phantom 

A cylindrical paraffin phantom (10 cm diameter and 19 cm height) was placed 20 cm from the 

nozzle. We used a 1.5 cm diameter brass collimator for the proton beam and the scintillator was 

placed ~135 cm from the phantom at 15° and 50° from the beam axis as shown in Figure 11. The 

phantom was irradiated with ~1.5×109 protons. 

 

Figure 12 shows the 2D scatter plots for the PSD when the detector was placed a different angle. 

For both plots, we can see two distributions, where the gamma ray energy goes up to around 

12 MeVee and the neutron distribution up to the energy limit of the detector. As the previous 

measurement, we observe a bend of the PSD distribution above 12 MeVee. A larger number of 

high energy neutrons is detected when the detector is placed at 15° to the beam line. This is 

because neutrons are mostly produced in the forward direction [17]. During these measurements, 
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neutrons are produced in the beam nozzle and the phantom. Further measurements and 

simulations are needed to analyse the effect and the location of neutron generation. 

 

Figure 11: Experimental setup of a 60 MeV proton beam line with a 1.5 cm collimator and a paraffin 

phantom (not to scale). 

 

Figure 12. 2D scatter plots of PSD as a function of energy when the detector is placed at a) 50° and b) 15° 

from the beam line. The voltage was fixed at 800 V, Tshort at 52 ns, and Tlong at 320 ns. 

4. Conclusion 

We characterised and optimised EJ299-33 detector for the discrimination of neutron-gamma 

radiation during proton beam therapy. We detected neutron energies up to ~35 MeVee and gamma 

rays up to ~12 MeVee. However, simulations are needed to further study the neutron energy 

calibration. Further measurements are needed to investigate the capability of the detector to locate 

the neutron source (e.g. beam nozzle, phantom) similarly to the RadICAL system. 
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