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Abstract 

This report describes a pulse-shape discrimination method that can be used to distinguish 
neutrons from gamma rays measured with liquid scintillation detectors. The proposed method is 
based on offline pulse analysis and allows discrimination of neutrons from gamma rays with an 
accuracy of 3% for time-of-flight attributed neutrons. A fast oscilloscope Tektronix TDS-5104 in 
combination with a liquid scintillation detector BC-501A was used to detect and store the 
neutron and gamma-ray pulses. The Matlab® scripts were written to post-process the data and to 
optimize the discrimination method. Because there is a difference in a slow component of the 
light produced by neutron and gamma rays, a specific ratio of tail-to-total integral is proposed for 
particle identification. The tail integration range and location of the classification point were 
optimized using “known” neutron and gamma-ray pulses to minimize the number of 
misclassified particles. This method can be further improved by increasing the detector 
pulse-height threshold. 
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1. Introduction 

Accurate knowledge of the spectrum of neutrons emitted by nuclear materials is of great interest 
in many research applications, such as nuclear nonproliferation, international safeguards, nuclear 
material control and accountability, national security, and counterterrorism. Therefore it is very 
important to develop methods that allow fast and robust identification of neutron sources and 
unfolding of neutron spectra. For safeguards applications it is essential to correctly identify 
specific neutron sources such as Cf-252, americium-beryllium, or Pu-240. In addition, the 
possibility of performing an accurate unfolding of neutron spectra increases the sensitivity of 
assays performed on various nuclear materials [1]. 
 
Neutron and gamma-ray pulse-shape discrimination (PSD) using liquid scintillation detectors is a 
widely adopted technique in these fields [2]. Liquid scintillators are frequently used in 
nonproliferation applications due to their excellent neutron/gamma PSD properties. Most present 
neutron measurement devices use thermal neutron detectors, such as He-3 counters, to detect 
neutrons originating from fissile materials. However, because these detectors require 
thermalization of the neutrons before detection, all information relative to the neutron spectrum 
is lost. In contrast, liquid scintillators are able to detect high-energy neutrons and thus do not 
need to use moderating material. This important characteristic allows instruments that use liquid 
scintillators to provide a more accurate characterization of nuclear materials. For this reason, 
organic liquid scintillators are expected to become a main component of future portable 
measurement systems. Generally, the decision time of currently adopted PSD techniques lies in 
the range of hundreds of nanoseconds [3-5]. A shorter decision time would allow for higher 
count rates and thus further increase the sensitivity of the assays performed on nuclear materials 
and help achieve the main objective of detecting and determining the mass and composition of 
these materials. 

2. Motivation 

Neutron spectrum unfolding relies on the accurate identification of the pulse-height distribution 
generated by the neutron source in the radiation detector. Because liquid scintillators are 
sensitive to both neutrons and gamma rays, a robust and efficient pulse-shape discrimination 
technique is essential to determine the neutron pulse-height distribution accurately. Once this 
distribution has been determined, neutron unfolding techniques can be applied to obtain the 
initial neutron energy spectrum. The neutron spectrum represents a unique “signature” of a 
neutron source and can be used for source identification. 

One complication in the unfolding procedures arises because small variations in measured 
pulse-height distributions lead to large variations in the unfolded neutron spectrums.  

Because some of the gamma rays measured may be counted as neutrons, introducing further 
uncertainty, it is crucial to identify neutrons with a high degree of accuracy. 

The goal of this report is to present a method of discriminating neutrons from gamma rays 
originating from an “unknown” source with high accuracy. This accurate discrimination is 
essential for any unfolding technique to obtain the incident neutron source spectrum and will 

 



allow identification of neutron sources in a fast and robust way. 

3. Identification Procedure for Neutron Sources 

Fig. 1 is a flowchart illustrating the major steps of a proposed procedure to correctly identify 
various neutron sources. 
 

 
Fig. 1. Major steps in neutron source identification. 

This report addresses the first three steps shown in Fig. 1. In particular, this document focuses on 
the description of an offline PSD technique. All results acquired by measurements were 
post-processed using the Matlab® software. 
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4. Proposed PSD Technique 

4.1 Acquisition of Pulses 

A fast waveform digitizer, phosphor oscilloscope Tektronix TDS-5104 with a 1-GHz resolution, 
was used to efficiently store tens of thousands of pulses from the anode of the liquid scintillator 
BC-501A for subsequent analysis. The oscilloscope fast-frame acquisition mode allowed us to 
capture the pulses with a high resolution. The BC-501A scintillation detector is well-known for 
its excellent neutron/gamma discrimination properties. It is built using a cylindrical liquid 
organic scintillator model 4.62MAB-1F3BC-501A/5 (manufactured by Bicron), which is 7.7-cm 
thick and has a diameter of 15.2 cm. The detector container is made of aluminum. The front face 
of the detector has a thickness of 2 mm. The side wall is composed of two layers: the external 
layer has a thickness of 2 mm, while the internal layer is approximately 0.5-mm thick. The 
photomultiplier tube is mounted on the back circular surface of the detector. 

As a first step in the present work, neutrons and gamma rays from two different radioactive 
sources were measured [6]. The neutrons emitted by a Cf-252 source were detected using the 
time-of-flight method (TOF), which allowed us to specifically identify the neutron pulses (with 
the exception of accidental coincidences) in a gamma-ray background. The Cf-252 source was 
placed in the middle of an ionization chamber at a distance of 1 m from the detector. The 
ionization chamber served as a “start” detector to determine the time zero. The neutron pulses 
obtained with this method are named “TOF attributed neutrons” in the remainder of this report. 
The reason for this nomenclature is that it is possible that some of the pulses attributed to 
neutrons were created by gamma rays due to accidental coincidences.  

The gamma-ray pulses were measured using a Cs-137 source placed on the face of the detector. 
These gamma-ray pulses are named “gamma rays” in the remainder of this report. In this way, 
two sets of pulse data were obtained for the optimization of the PSD technique. 

The oscilloscope fast-frame acquisition mode was used to capture the pulses, with a resolution of 
0.2 ns. The pulses were binned into 14 groups of increasing and equal pulse area, resulting in 
approximately 500 to 1000 pulses per area bin. The pulses were then averaged to obtain average 
waveforms both for TOF attributed neutrons and gamma rays. The comparison is shown in 
Fig. 2, where it can be seen that the shape of the average gamma-ray pulses does not change with 
the area. However, the shape of the average neutron pulses shows significant differences in the 
tail of the pulse for pulses of different areas. 

Fig. 2 also shows that the average neutron pulses have a more pronounced tail. In fact, the total 
light output generated in the scintillator can be represented by the sum of the two exponential 
decays referred to as the fast and slow components of the scintillation process. The fraction of 
the total light observed in the slow component is a function of the type of particle inducing the 
scintillation. In general, heavier particles produce more “delayed” light [7]. Therefore, the tails 
of the average neutron pulses are consistently greater than the tails of the gamma-ray pulses. 
This difference in the intensity of slow neutron and gamma-ray components serves as a basis for 
the proposed PSD method. 
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Fig. 2. Neutron and gamma-ray pulses measured with liquid scintillation  

detector BC-501A. 

4.2 Description of the PSD Technique 

On the basis of the observations in Sect. 4.1, we introduce a ratio of two areas obtained by 
integration of the pulse in various time intervals. The first area is the total area of the pulse (A1), 
and the second area is the tail of the pulse (A2). These areas are shown schematically in Fig. 3. 

 
Fig. 3. Description of the ratio of the tail-to-total integral. The time scale of the 

measurement of “known” neutrons and gamma-ray pulses is also shown. 
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The area ratio is defined as 
 

1

2

A
A

R =   . (1) 

As mentioned earlier, the intensity of the slow component in the light is higher for neutrons. 
Therefore neutron pulses have generally a higher ratio R. Fig. 4 shows an example of neutron 
and gamma-ray histograms in which the neutron and gamma-ray distributions can be clearly 
distinguished. The x-axis represents the ratio of the tail-to-total integral, while the y-axis shows 
the number of occurrences for a given R. 

The tail integral A2 is calculated from a certain point above the pulse maximum (see T2start in 
Fig. 3) to the end of the pulse (T1,2stop). In the case presented in Fig. 4, T2start = Tmax + 6ns, while 
T1,2stop − Tmax = 110ns. The latter is given by the time range used in our measurements and is 
valid for all results discussed later in this report. In contrast, the total integral A1 is calculated by 
integrating between the values T1start and T1,2stop; thus it covers entire pulse areas (Tmax − T1start = 
20 ns). 
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Fig. 4. Typical histograms of neutron and gamma-ray pulses. Two distributions can 

be clearly distinguished. 

The integral ratio R is clearly higher for most of the neutron pulses when compared to the 
gamma-ray pulses. This feature can be used to separate the neutron pulses from the gamma rays. 
The relatively high value occurring in the gamma-ray histogram at position zero is due to the 
accumulation of low ratio values (negative ratio values are not possible). Fig. 5 shows the 
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distributions created from the histogram in Fig. 4. The cross point of the neutron and gamma 
curves has been chosen as a discrimination point to classify the particles detected. The point in 
this particular case lies at a value of 0.32. This value has not been optimized. Above the 
classification point all pulses are classified as neutrons, while below this point the pulses are 
classified as gamma rays. It can be seen in Fig. 5 that a certain number of neutrons and gamma 
rays are “misclassified” when using this technique. Therefore, optimization of this method is 
required, as described in Sect. 4.3. 

 
Fig. 5. Curves created from the neutron and gamma-ray histograms shown in Fig. 4. 

The “overlap area” is marked. 

4.3 The PSD Optimization 

The number of misclassified neutrons and gamma rays can be minimized by optimizing the 
following parameters: (1) the integration range of the total integral, (2) the integration range of 
the tail integral, (3) the location of the classification point, and (4) the pulse-height threshold. 
Optimizations (2) and (3) were applied to the problem and are discussed in the following 
sections in detail. Optimizations (1) and (4) will be discussed in detail in a future report. 

4.3.1 Optimization of the total integration limit 

Generally, the slow component of the light produced by the liquid scintillator BC-501A ends at 
approximately 300 ns [3]. However, in our measurements the pulse range was limited to 130 ns, 
which was given by the time scale chosen during the measurement. It is expected that an increase 
of the integration limit would lead to additional minimization of the overlap area. Therefore, the 

 6 



Therefore, the influence of this parameter will be investigated in the future. 

4.3.2 Optimization of the tail integration limit 

Fig. 6 shows the overlap area as a function of the starting point of the tail integral A2. The upper 
limit for the tail integral was fixed to 110 ns. The x-axis in Fig. 6 is the time shift from the pulse 
maximum toward positive values (i.e., T2start − Tmax). As shown in Fig. 6, the overlap area reaches 
its minimum around 11 ns. At this point, the total overlap area reaches the minimum value of 3% 
from the total area of the neutron and gamma-ray distributions. For this reason, this value has 
been chosen as optimal for the tail integration. When using this value, the tail integral A2 has a 
total range of 99 ns. The pulse-height threshold was set to 0.07 MeVee. 

Fig. 7 shows the neutron and gamma-ray histograms obtained using the optimized tail integral. In 
Fig. 7 there is even higher occurrence in the gamma-ray histogram at position zero than that 
shown in Fig. 4. This is due to additional accumulation of low ratio values when compared to the 
situation presented in Fig. 4. This accumulation takes place as a result of shifting the neutron and 
gamma-ray histograms to lower values by shifting the starting point of the tail integral toward 
positive values. It is apparent that in this case the optimal classification point lies below 0.32, 
which is the value deduced from Fig. 5. The optimization of the classification point is discussed 
in the following section. 
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Fig. 6. Total overlap area as a function of the starting point of the tail integral. The 

x-axis is given by T2start-Tmax. 
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Fig. 7. Histograms of neutron and gamma-ray pulses obtained by using the 

optimized range of the tail integral. 

4.3.3 Optimization of the location of classification point 

Fig. 8 shows the number of misclassified neutrons and gamma rays as a function of the location 
of the classification point. As mentioned previously, all pulses (both neutron and gamma ray) are 
classified as neutrons when lying above this point, while those below this point are classified as 
gamma rays. Fig. 8 shows that this condition is fulfilled by choosing the classification point at a 
value of 0.15. At this point, approximately 3% of pulses are misclassified. Most of these pulses 
are neutrons, which means that almost no gamma rays are misclassified using the known pulses. 
The x-axis in Fig. 8 is identical to the one shown in Figs. 4 and 5. It should be noted that the 
classification point represents the central point at which the neutron and gamma-ray distributions 
overlap. Therefore it is also possible to estimate the classification point by observing the particle 
histogram (see Fig. 7). 

4.3.4 Optimization of the pulse-height threshold 

Another way of improving the PSD performance is to increase the value of the pulse-height 
threshold, thereby eliminating smaller pulses. It is expected that by increasing the pulse-height 
threshold, the number of misclassified pulses will decrease. This statement is supported by 
results shown in Fig. 9, in which the tail integral A2 as a function of the total integral A1 is 
shown. Both integrals were applied to known pulses. It can clearly be seen in Fig. 9 that the 
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neutron pulses are very well separated from the point in which the total integral (i.e., pulse 
height) reaches a high enough value. Thus by increasing the pulse-height threshold, we eliminate 
the small pulses, which are difficult to classify. On the other hand, such pulse elimination leads 
to a partial loss of information about the initial neutron spectrum. The importance of the missing 
information cannot be evaluated a priori because it depends on the type of the initial neutron 
spectrum and the unfolding technique applied. 
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Fig. 8. Total overlap area as a function of the ratio of the tail-to-total integral. The 

ratio of 0.15 was chosen as the optimal value. 

Fig. 9 also shows that some TOF attributed neutron pulses are located in the gamma-ray area. It 
has been concluded that these pulses were in fact gamma rays that were accidentally identified as 
neutrons. Fig. 10 shows the case in which the optimized classification threshold (R=0.15) was 
applied to known pulses. The pulses were classified based on their integral ratio R. In this case, 
most of the incorrectly identified neutrons shown in Fig. 9 were classified as gamma rays. 
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Fig. 9. The tail integral versus the total integral from raw data. Time-of-flight 
(TOF) attributed neutron and gamma-ray pulses are very well separated. Some pulses 
attributed as neutrons lie in the gamma-ray area. 

 

Fig. 10. The tail integral versus the total integral using the optimized 
pulse-shape discrimination method. Most of the neutron pulses located in the 
gamma-rays area (see Fig. 9) were identified as gamma rays. 
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4.3.5 Application of the optimized PSD method to known neutron pulses 

Fig. 11 shows the pulse-height curves created from the TOF attributed neutron pulses. Three 
pulse-height distributions are compared in Fig. 11. They were created from 

(a) TOF attributed neutrons, 

(b) classified neutrons using the optimized PSD method, and 

(c) misclassified neutrons. 

It can be concluded from Fig. 11 that most of the neutrons were classified correctly, while only 
6% of them were misclassified as gamma rays. The misclassified neutrons are mostly small 
pulses. As noted in Sect. 4.3.4, many of these neutrons were incorrectly identified gamma rays, 
and thus the true number of misclassified neutrons is far below 6%. For this reason, the curve 
“classified neutrons” in Fig. 11 can be considered as a better representation of the neutron source 
than the curve “TOF attributed neutrons.” 

The number of misclassified particles can be further minimized by increasing the pulse-height 
threshold (see discussion in Sect. 4.3.4). However, this step (if needed) should be performed in 
close relation to the unfolding technique applied because eliminating pulses below a certain 
threshold will alter the resulting pulse-height spectrum. 
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Fig. 11. Comparison of pulse-height distributions created using known neutron pulses. 
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4.4 Application of the Optimized PSD Method to Unknown Pulses 

The digital oscilloscope, scintillation detector, and Cf-252 neutron source described in Sect. 4.1 
were used. In the measurement no TOF method was applied, so neutrons could not be directly 
discriminated from the gamma rays. Instead, the PSD technique discussed earlier was used. Two 
cases were investigated: the first with no shield between the source and the detector, the second 
with a lead shield with a thickness of 2.2 cm. Fig. 12 shows a photograph of the measurement 
setup. 

Fig 13 shows the histogram created from the measured data. In the case without shielding, no 
observable separation of the neutron and gamma-ray distributions occurs. The reason is that the 
Cf-252 source was placed close to the detector (~10 cm), and thus the probability of detecting a 
neutron simultaneously with some gamma ray was relatively high. It also has to be noted that the 
condition of the measurement was not the same when compared to that presented in Fig. 7. In 
particular, the gain of the detector was lower during these measurements. As a result, the lower 
gain gives rise to the measurement of smaller pulses, which are generally more difficult to 
identify. In fact, below a certain pulse-height threshold the neutron pulses cannot be 
discriminated from the gamma-ray pulses. In this case, the pulse-height threshold was set to 0.08 
MeVee. The situation can be improved by using the lead shield, as shown in Fig. 13. The shield 
allowed the relative number of neutron pulses acquired to increase due to elimination of some 
source gamma rays. Most of these gamma rays possessed low pulse heights (low energy); thus 
the neutron/gamma discrimination has been improved. However, it is expected that a better 
discrimination would be achieved by keeping the measurement conditions constant during the 
PSD optimization and the consequent measurement of unknown pulses, and by increasing the 
source-detector distance. 

 
Fig. 12. The measurement setup used to test the optimized pulse-shape 

discrimination  method. 
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A comparison of pulse-height distributions is shown in Fig. 14. The data were normalized per 
area. Because the measurement of unknown pulses without the shield cannot be used for the 
neutron discrimination (see Fig. 13), the measurement with the shield was used instead. The 
value used as a classification point in the PSD method was deduced from Fig. 13; it is R = 0.26. 
This value is different from the value given in Sect. 4.3.3 (R = 0.15) due to different 
measurement conditions. 

A fairly good agreement has been achieved: the position of the peaks is similar in both cases. 
However, the separation of the neutron and gamma-ray peaks is much worse than in the case of 
TOF attributed neutrons. We think the PSD can be improved by setting the measurement 
conditions constant during the PSD optimization and the measurement of pulses. Fig. 14 shows 
that more low-peak pulses appear in the curve “discriminated neutrons,” which is caused by 
collisions of detected gamma rays and neutrons with the lead shield. Some of these gamma rays 
are classified as neutrons, which further deforms the pulse-height curve. 

0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6
0

500

1000

1500

2000

2500

3000

3500

Ratio of tail-to-total-integral

O
cc

ur
re

nc
e

no Pb shield 

2.2-cm Pb shield 

 
Fig. 13. Histogram from unknown data. The curve shows the improvement in the 

separation of neutron and gamma-ray pulses when a lead shield is used. 
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Fig. 14. Comparison of neutron pulse-height distributions; known versus unknown 

data. The distribution obtained from known neutron pulses is compared with the one obtained 
using the pulse-shape discriminator method. The lead shield was used to improve the level of the 
neutron discrimination. 

5. Conclusions and Future Work 

A PSD technique has been optimized to classify the neutron and gamma-ray pulses measured 
with a liquid scintillator. This offline method can be used to discriminate neutrons from gamma 
rays originating from a neutron source with high accuracy. The final optimization has been 
achieved by combining TOF measurements with Matlab® calculations. A fast oscilloscope 
Tektronix TDS-5104 was used to store pulses originating from the liquid scintillation detector 
BC-501A for subsequent analysis. The Matlab® program was used to post-process the pulses 
measured with the liquid scintillation detector. Following the difference in the slow component 
of pulses, a specific ratio of tail-to-total integral was proposed for classifying the particles. The 
integration time was on the order of 130 ns, which is considerably shorter than integration times 
reported in the literature. 

The tail integration range and location of the classification point were optimized using TOF 
attributed neutron pulses. In this way, the number of misclassified particles was minimized. With 
the optimized PSD technique we obtained a 3% error in the classification of known pulses with a 
threshold of 0.07 MeVee. We also conclude from our measurement results that the condition of 
the measurement during the optimization of the PSD method and subsequent measurement of 
unknown pulses should be kept constant. In particular, the gain of the detector plays an important 
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important role. Generally, lower detector gain causes the measured pulses to be smaller and more 
difficult to classify. 

The level of neutron discrimination can be further improved by increasing the pulse-height 
threshold. On the other hand, this can lead to a certain loss of information about the initial 
neutron spectrum; therefore, this optimization requires a feedback from the unfolding technique 
being applied. In particular, the properties of the unfolding technique should determine the 
maximum allowable pulse height used as a pulse threshold. In this way, additional improvement 
of the PSD method proposed can be achieved. 

New measurements are currently being performed to test and further improve the PSD method. 
As a next step, other shielding materials will be used to reveal how these materials influence the 
accuracy in obtaining the initial source spectrum. In addition, similar measurements and 
Matlab® calculations will be performed using an americium-beryllium neutron source. 
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