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Abstract: The ability to distinguish between neutrons and gamma-rays is important in the fast - 

neutron detection, especially when using the scintillation detector. A dual correlation pattern 

recognition (DCPR) method that was based on the correlation pattern recognition technique has been 

developed for classification of neutron/gamma events from a scintillation detector. In this study, an 

EJ-301 liquid scintillation (EJ301) detector was used to detect neutrons and gamma-rays from the 
60Co and 252Cf sources; the EJ301 detector's pulses were digitized by a digital oscilloscope and its 

pulse-shape discriminant (PSD) parameters were calculated by the correlation pattern recognition 

(CPR) method with the reference neutron and gamma-ray pulses. The digital charge integration (DCI) 

method was also used as a reference-method for comparison with DCPR method. The figure-of-merit 

(FOM) values which were calculated in the 50 ÷ 1100 keV electron equivalent (keVee) region showed 

that the DCPR method outperformed the DCI method. The FOMs of 50, 420 and 1000 keVee 

thresholds of DCPR method are 0.82 , 2.2 and 1.62, which are 1.55, 1.77, and 1.1 times greater than 

the DCI method, respectively. 
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I. INTRODUCTION 

The EJ-301 liquid scintillator has been 

widely used for detection of both neutrons and 

gamma-rays [1, 2]. The scintillation-light 

output of the EJ-301 display both fast and slow 

decay components, which depend on either 

neutron or gamma-ray of excitation radiations 

[2, 3, 4, 5]. By coupling the scintillator EJ-301 

cell to a photomultiplier tube (PMT), the light 

can be collected and converted into a voltage 

pulse, allowing for data acquisition/processing. 

These pulses are generated in different-shapes 

between neutron and gamma-ray, so neutron 

and gamma-ray can be identified by the pulse 

shape discrimination (PSD) techniques [1, 3-

8]. Many PSD methods have been developed 

for fast-neutron detectors, however, the charge 

comparison (CC) [4] and the zero crossing 

(ZC) [3, 4, 6, 9] methods are the most 

commonly used in analogue systems.  

Recently, the fast analog-to-digital 

converters (ADCs), field programmable gate 

array (FPGA), and digital signal processing 

(DSP) technology have been applied in 

neutron/gamma PSD systems that are supposed 

to result in more powerful discrimination 

qualities. Although many publications on PSD, 

for example, digital charge integration (DCI) 

[4, 6-8, 10, 11], frequency domain analysis [5], 

pulse gradient analysis [12], correlation pattern 
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recognition (CPR) [13, 14], Zero crossing [8], 

threshold crossing time (TCT) [15], and curve 

fitting (CF) [13, 16], have been published, the 

separation between neutrons and gamma-rays 

is not good for the low-energy region (below 

200 keVee). In the study of D. Takaku et al., 

2011 (see [13]), the CPR method which was 

calculated with gamma reference pulse showed 

that the PSD ability of CPR method is better 

than the DCI and CF methods. Though, the 

PSD's ability in below the threshold of 700 

keVee had not been investigated. The Question 

has been raised whether PSD's ability can be 

improved when combining CPR methods for 

both neutron and gamma reference pulse in the 

low-energy region. 

In this study, a dual correlation pattern 

recognition (DCPR) method was developed to 

distinguish between neutrons and gamma-rays 

for a fast-neutron detector using the EJ-301 

liquid scintillation (called EJ301 detector). 

Based on the correlation pattern recognition 

technique, the DCPR method used the set of 

pulses that were digitized by a digital 

oscilloscope with 11-bit resolution and 

sampling rate at 1 Giga sampling per second 

(GSPS). The programs for the DCPR and DCI 

methods were implemented in the MATLAB 

software and the FOMs were calculated by 

OriginLab software. 

II. MATERIALS AND METHODS 

A. Experimental setup  

A EJ301 detector consists of a liquid 

scintillator container (cell), photo-multiplier 

tube (PMT), voltage divider, cover shield and 

preamplifier. The cell is left cylinder made of 

aluminum with 34-mm diameter and 60-mm 

length in size.  A diagram of the experimental 

setup is shown in Fig. 1. The EJ301 detector 

was operated with negative biases of 1200V. 

The signals from the anode of the PMT is 

digitized by a digital oscilloscope (Tektronix 

DPO7254C) with 2.5 GHz bandwidth, 11-bits 

resolution equivalent and at a sampling rate of 

1 GSPS.A neutron 252Cf source (11.6 mCi) and 

gamma-ray sources (22Na, 137Cs and 60Co) were 

used for energy calibration and assessment of 

neutron/gamma discrimination for the DCI and 

DCPR methods.In this measurement, the 

EJ301 detector was placed 1 cm away from the 

gamma-ray sources and 100 cm away from the 
252Cf source. 

 

Fig. 1. Diagram of the experimental setup. 

B. Pulse shape discrimination method 

Approximately 100,000 pulses in the 

range from 50 to 1100 keVee that was divided 

into 10 thresholds and 200,000 pulses in the 

range from 50 to 1500 keVee were used to test 

this method. Each pulse was sampled consist of 

360 samples which was started at a point in 

front of trigger-point and the baseline was 

calculated of 90 points  in the pre-trigger range 

of pulses. The baseline was used in the DCI 

method in order to determine the digital 

integral to be more accurate.  

Digital charge integration (DCI) method 

The DCI method consist of integration 

techniques with digitized pulses was chosen for 

comparison with DCPR method, where each 

pulse was integrated twice, using two different 

ranges [6, 7, 8, 10, 11]. The typical neutron and 

gamma-ray pulses with the same amplitude are 

shown in the Fig. 2; the neutron pulses exhibit 

a larger decay time to the baseline, so the tail 

to total integral ratio of neutron pulses are 

greater than that of the gamma pulses and are 

used as a PSD parameter. The total integral is 

calculated for an entire pulse that begins at the 

trigger-point (t1) to an optimized point of tail-

pulse (t3). The tail integral, meanwhile, is 
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calculated in range begins at a fixed position 

after peak-pulse (t2) and also is extended to the 

last data point chosen in the total integral range 

(t3). Surveys showed that the optimal PSD 

when t2 is chosen at 40ns and t3 is chosen at 

210ns after the peak-pulse. 

 

Fig. 2. Typical neutron and gamma-ray pulses in 

one sampling. 

CPR method 

The similarity (S) is used to recognize a 

pattern when a pattern can be expressed as a 

vector. In the CPR method, a measured pulse is 

regarded as an object vector X and a reference 

pulse is regarded as object vector Y. The 

reference pulse was averaged of thousands the 

gamma-ray pulses that were measured from the 

gamma-ray source (60Co). A measured pulse is 

identified by calculating the scalar-product of 

X and Y vectors [5].  

 S =
𝑋.𝑌

|𝑋|.|𝑌|
= 𝑐𝑜𝑠𝜃         (1) 

Where, X is vector of measured pulse; Y 

is vector of reference pulse; 𝜃 is the angle 

between X and Y vectors. 

The PSD parameter is calculated by the 

correlation-angles in Eq. (2). 

 𝜃 = 𝐴𝑐𝑟𝑐𝑜𝑠
∑ 𝑥𝑖.𝑦𝑖
𝑛
𝑖=1

√∑ 𝑥𝑖
2𝑛

𝑖=1 √∑ 𝑦𝑖
2𝑛

𝑖=1

       (2) 

Where, ( )rad  is the angle between the 

X and Y vectors; xi and yi are values of the ith 

sampling of measured pulse and reference 

pulse, respectively. 

Creating reference-pulses of neutron and 

gamma-ray 

In order to obtain the reference-pulses of 

gamma-ray (RPG) and the reference-pulses of 

neutron (RPN), a large number of digitizing 

pulses from the 252Cf source are identified by 

the DCI method. In this experiment, some of 

the pulses between the valley of two Gaussian 

distribution could not be identified as neutrons 

or gamma-rays, so the neutron and gamma 

pulses were defined within the range as shown 

in Fig. 3. The gamma-rays region was chosen 

between 0.05 and 0.15, while the neutron 

region was chosen between 0.19 and 0.31; 

however, this region may be different with 

another detector. In fact, the tail to total 

integral ratio of gamma-pileup pulses are 

similar to that of neutron pulses. To limit pile-

up pulses, approximately 100,000 pulses which 

were measured from the 252Cf source with the 

threshold of 100 keVee was used to calculate 

the RPG and RPN. Both RPN and RPG were 

calculated by Eq. (3), and were normalized to 

unity (see the Fig. 4). 

  yi =
1

𝑚
∑ hk
𝑛
𝑘=1          (3) 
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Fig. 3. The histogram of tail to total integral ratio of 

DCI method. 

 

Fig. 4. The RPG and RPN were calculated by 100,000 

pulses with the threshold of 100 keVee and the typically 

measured pulse (pulses normalized to the unit). 

PSD optimization 

In order to obtain the best neutron-

gamma discrimination for the CPR method, 

many computing of correlation-angles were 

observed with the different start-position and 

length to calculate S. The survey showed that 

the optimal starting position is 5 ns after the 

peak-pulse and the length to calculate S is 210 

ns. Therefore, the start position and length of 

the measured pulse was also calculated 

similarly for the reference-pulse. 

DCPR method 

In the DCPR method, a measured pulse 

was computed with both RPG and RPN by Eq. 

(2). Two PSD parameters the correlation-angle 

(θ_g) with the RPG and the correlation-angle 

(θ_n) with RPN) have obtained in this 

calculation. Two discrimination parameters (Sx 

and Sy) are computed by the Eq. (4) 

  {
𝑆𝑥 = 𝑘1𝜃𝑔 − 𝑘2𝜃𝑛
𝑆𝑦 = 𝑘2𝜃𝑔 − 𝑘1𝜃𝑛

        (4), 

which are used to distinguish between 

neutrons and gamma-rays in the DCPR 

method. The k1 and k2 constants were chosen in 

order to obtain the optimal PSD parameter Sx; 

the k1 and k2 are chosen by 𝑘1 = 𝑐𝑜𝑠⁡(550)
 
and 

𝑘2 = 𝑐𝑜𝑠⁡(550)
.
 

 

(a) 

 

(b) 

Fig. 5. The Sx-Sy scatterplot of the DCPR method for (a) 60Co and (b) 252Cf sources. 

 Fig. 5 shows the distributions of events as 

a function of the Sx and Sy parameters for two 

calculations with (a) the 60Co source and (b) the 

252Cf source. The left-hand cluster of the dashed 

line is identified as gamma-ray events while the 

other side is identified as neutron events. 
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C. Analysis of pile-up events 

The DCPR method identifies a pulse 

either neutron or gamma-rays based on Sx and 

Sy parameters, which also allows identification 

of pile-up pulses. In fact, the distortion-pulses 

and pileup-pulses are distributed between the 

neutrons cluster and the gamma-rays cluster in 

the SxSy-plane (Fig. 5 b). In order to determine 

the distribution of pileup-pulses in the SxSy-

plane, a large number of pileup-pulses were 

generated by a program that used pure gamma-

ray pulses. By adding two pulses, the pileup-

pulses were generated when the second pulse 

appeared after the first pulse with random 

intervals. Fig. 6 shows the distribution of 

pileup-pulses, which was performed by the 

DCPR method; the boundary of pileup-pulses 

was defined by the Eq (5). The events which 

are above the curve (5) are considered as 

pileup; they, therefore, are eliminated in the 

DCPR method.  

 0.13 + 0.76𝑥 − 8.24𝑥2 − 372.92𝑥3 +

6660.72𝑥4 + 6714.66𝑥5            (5) 
 

 

Fig. 6. The distribution of pileup-pulses in the SxSy-

plane are calculated by the DCPR method. 

D. Assessment of PSD performance 

The performance of the PSD methods in 

this work is measured by their ability to 

accurately discriminate between pulse types, 

over a specified energy range, in a given 

measurement. These distributions of PSDs are 

usually obtained in the form of a Gaussian, 

which Gaussian fits maybe applied. The figure 

of merit (FOM) was used to evaluate the 

quantitative results of neutron/gamma 

discrimination, which was defined by Eq. (6) 

[1, 4-8,10,12,13,15, 17,18]. The higher FOM 

value is, the better PSD performs. 

   𝐹𝑂𝑀 =
𝑝𝑛−𝑝𝑔

𝐹𝑊𝐻𝑀𝑛+𝐹𝑊𝐻𝑀𝑔
      (6)

 

 

Where 𝑝𝑛 − 𝑝𝑔 is the separation of 

two Gaussian fit peaks; FWHMn and 

FWHMg are the full-width-half-maximum of 

Gaussian fit peaks. 

III. RESULTS AND DISCUSSION 

Two measurements were conducted on 

the 252Cf and 60Co sources with the same 

EJ301 detector. The scatter-plot density of 
252Cf and 60Co sources by the DCPR method 

which were calculated in MATLAB are 

shown in Fig. 7 (a) and (b), respectively. The 

discrimination parameter on the x-axis that 

was calculated by (4) used a separation 

threshold (with Sx = -0.75). The PSD-scatter 

plot with density and the histogram of the 

DCI method of the 225Cf source are shown in 

Fig. 8 (a) and (b), respectively. The PSD-

parameter on the Fig. 8 (a) was calculated by 

the tail to total integral ratio and the 

histogram on the Fig. 8 (b) was calculated 

for the PSD-parameter. The histograms of 

the DCPR method for 252Cf and 60Co sources 

are shown in Fig. 9 (a) and (b), respectively. 

The histogram in Fig. 9 (a) was fitted by the 

multi-peak Gaussian function and the FOM 

value was approximately 1.59. FOMs are 

shown in Fig. 10 as a function of energy 

thresholds. Each FOM value was calculated 

by the Gaussian fit in a dataset of 10,000 

pulses for both the DCI method and the 

DCPR method. 
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(a) 
 

(b) 

Fig. 7. The scatter plot of PSD parameters was implemented in the DCPR method.  

(a) The 252Cf  source. (b) The 60Co source. 

(a) (b) 

Fig. 8. The results of the DCI method were implemented in the 252Cf source, using a 50 keVee threshold.  

(a)  The PSD scatter plots. (b) The histogram. 

(a) (b) 

Fig. 9. Histogram obtained by the DCPR method with the threshold of 50 keVee.  

(a) 252Cf source. (b) 60Co source. 
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Fig. 10. FOMs were calculated as a function of 

energy thresholds in 50÷1100 keVee energy range. 

Fig. 11. The ratio of FOMs of the DCPR method to 

the DCI method.  

A visual inspection of Fig. 7 (a) and Fig. 

8 (a) shows that the DCPR method is more 

segregated than the DCI method, especially the 

below 200 keVee energy region. Using a 

separate-threshold in the histogram in Fig. 9 (a) 

and (b) shows that the data of 60Co source were 

correctly identified by the DCPR method with 

approximately 99%. In fact, some gamma pile-

up pulses are identified as neutron pulses in the 

DCPR method. The FOMs were calculated for 

the histograms in Fig. 8 (b) and Fig. 9 (a) for 

the 50 to 1500 keVee region were 1.59 for 

DCPR method and 0.86 for DCI method; it 

showed that FOM has improved of 1.85 times 

more than DCI method. 

Based on the FOMs performances on 

Fig. 10, the DCPR method is better than the 

DCI method in the full-range survey. The 

DCPR method is increasing from 0.65 to 2.2 

in the range of 30 - 420 keVee and smoothly 

dropping from 2.2 to 1.6 in the range of 420 -

1100 keVee, while the DCI method is 

continuously increased from 0.53 to 1.62 in 

range measured (50 - 1100 keVee). The ratio 

of FOM values between the DCPR method 

and the DCI method is shown Fig. 11; it has 

been shown that the ability to distinguish 

between neutrons and gamma-rays of the 

DCPR method is clearly improved in the 

region below 1000 keVee. While most other 

neutron/gamma PSD methods obtained bad 

results in the low region, the DCPR method 

has been improved in this region.  

IV. CONCLUSIONS 

A neutron-gamma PSD method has been 

developed based on the correlation pattern 

recognition method for the EJ301 detector. The 

ability to distinguish between neutron and 

gamma-ray of the DCPR method was clearly 

improved compared with that of DCI method 

in the region below 1000 keVee. 

The algorithm of the DCPR method can 

be implemented on FPGA devices. Therefore, 

this method can be used in fast-neutron 

counting systems using PSD techniques for the 

EJ301 detector. 
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