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a b s t r a c t

A technique for the reduction of pulse pile-up effect in digital pulse-shape discrimination (PSD) of
neutrons and gamma-rays with organic scintillation detectors is presented. The technique is based on an
electronic reduction of the effective decay-time constant of scintillation pulses while retaining the PSD
information of the pulses. The experimental results obtained with a NE213 liquid scintillation detector in
a mixed radiation field of neutrons and gamma-rays are presented, demonstrating a figure of merit
(FOM) of 1.20 ± 0.05 with an energy threshold of 350 keVee (electron equivalent energy) when the
effective length of the pulses is reduced to 50 ns.
© 2019 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The PSD of neutrons and gamma-rays with organic scintillation
detectors at high event throughputs is a key requirement for
several applications such as active interrogation systems in nuclear
security [1,2], fusion neutron diagnosis [3,4], and neutron induced
fission cross-section measurement experiments [5,6]. In response
to this need, owing to the availability of fast free running analog-to-
digital converters (ADCs), digital PSD systems capable of operation
at very high throughputs of around 1 MHz have been developed
[7,8]. However, at such high throughputs the performance of the
PSD systems can be adversely affected by the pulse pile-up effect
taking place inside the detectors. Although the pile-up pulses can
be identified and rejected, the consequent loss of the events limits
the analysis of relatively weak features in a high background of
unwanted events. To minimise the number of event losses, various
methods have been proposed to extract the PSD information from
pile-up pulses, rather than simply rejecting them. Some methods
aim at extracting the PSD information in early lifetime of the pulses
[9,10], thereby minimizing the effect of interference from the suc-
cessive pulses. In another approach, the use of the wavelet trans-
form of scintillation pulses with the choice of a mother wavelet
from Daubechies family was suggested for the PSD at the high
by Elsevier Korea LLC. This is an
counting rates [11]. The reconstruction of pile-up events by using
pulse models has been also pursued by some workers, though such
methods are computationally intensive [5,6,12]. In other ap-
proaches, neural network [13] and pattern recognition techniques
such as cross-correlation and principal component analysis have
been employed to address the challenge of PSD at high counting
rates [14].

The present work reports on a new approach for alleviating the
pulse pile-up effect in PSD with organic scintillation detectors at
high event throughputs. The method operates based on a digital
shortening of the duration of scintillation pulses while retaining the
PSD information of the pulses. We describe the details of the
method and the experimental results obtained with a NE213 liquid
scintillation detector in a mixed radiation field of neutrons and
gamma-rays are shown.
2. The method

At a given event-rate, the probability of pulse pile-up is pri-
marily determined by the duration of scintillation pulses which is a
function of the decay-time constant of the scintillator. Although the
decay-time constant is a physical property of scintillators, it can be
electronically shortened, thereby reducing the pile-up effect
[15,16]. In the digital domain, an algorithm for the reduction of the
decay-time constant has been derived as [16]:
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Fig. 2. The effect of the pulse shortening algorithm on the synthetic neutron and
gamma-ray pulses from a NE213 liquid scintillation detector.
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where x[n] is a sampled pulse, y[n] is the shortened pulse, DT is the
sampling period, t+ is the decay-time constant of the original pulse,
t is the decay-time constant of the shortened pulse, and n is the
sample index. This algorithm has been satisfactorily examined in
spectroscopy applications with inorganic scintillators [16]. How-
ever, a pulse from organic scintillators with a PSD property cannot
be fully characterized with a single decay-time constant as it is
composed of slow and fast components whose intensities depend
on the type of the incident particle. Fig. 1 shows the synthetic
neutron and gamma-ray pulses from a NE213 liquid scintillation
detector, produced according to the model presented by Marrone
et al. [5]. One can see that for the most of the lifetime of the pulses
(from 40 ns after the peaks), the decay-time constants of both the
pulses approach to the slow decay-time constant of the pulses
(32 ns). Our approach is based on using this decay-time constant
value in the pulse-shortening algorithm.

Fig. 2 shows the results of the application of the pulse-
shortening algorithm of Eq. (1) to the synthetic neutron and
gamma-ray pulses by setting t+ ¼ 32 ns For decay-time constants
smaller than the decay-time constant of the slow component
(t<t+ ¼ 32 ns), the effective duration of the pulses is clearly
reduced. We define the effective duration of a pulse as the period of
time over which the amplitude of the pulse stays above one percent
of its amplitude. For example, by using a decay-time constant of
5 ns, the amplitude of the neutron pulse after 60 ns reduces to
0.61% of its peak value, as compared to 10% for the original pulse. It
is also apparent that by choosing small decay-time constants, the
shortened pulses turn into a bipolar shape. This is due to the fact
that the actual decay-time constant of the pulse is different with
the decay-time constant of t+ ¼ 32 ns used in the algorithm.
Nevertheless, the shortened neutron and gamma-ray pulses still
exhibit different shapes that makes the separation of the pulses
feasible.

3. Experimental setup

The experimental set-up consists of a 200 � 200 cylindrical NE213
liquid scintillation detector coupled with a photomultiplier tube
(PMT) of type 9266B (from Electron Tubes, UK). The PMTwas run at
Fig. 1. The neutron and gamma-ray pulse models for a NE213 scintillation detector [5].
After 40 ns from the peaks of the pulses the difference between the decay-time con-
stants is less than 4% with an average value of 32 ns
1350 V. Experiments were carried out with a Am/Be neutron
source. The PMT dynode pulses were digitized with a waveform
digitizer of 10-bit resolution and 4 GHz sampling frequency (model
DC252HF from Agilient Technologies Inc). The pulses were recor-
ded event-by-event and each event in an acquisition window of
500 ns The dynode outputs before feeding to the digitizer were
amplified with a no-shaping amplifier to adjust the amplitude of
the scintillation pulses with the input range of the digitizer (1 V).
The digitizer was triggered with an external signal from a constant-
fraction discriminator (CFD) circuit fed by the PMT anode signals.
The sampled waveforms were saved on a hard disk drive and
analysed offline by using a code written in MATLAB. The light
output of the system was also calibrated in electron equivalent
energy (keVee) by using the photo-peaks produced from a variable
target 241Am fluorescence x-ray source as detailed in Ref. [17].
4. Results

4.1. The PSD performance of the original pulses

We first examined the PSD performance of the original scintil-
lation pulses in the absence of the pulse pile-up effect. A large
number of digital PSD algorithms are available for this task, ranging
from the digital versions of the classic charge-comparison and the
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zero-crossing methods [18] to the frequency domain and the
pattern recognition methods (see Ref. [19] and references therein).
However, given both our focus on algorithms capable of real-time
operation and the observation that the more complex PSD
methods seem not to deliver significantly better results than the
classic ones, wewill use the classic charge-comparison algorithm in
our PSD analysis. This method is based on a comparison of the
Fig. 3. The variations of the PSD performance with the duration of the short and the
long integrals in the charge-comparison method. The maximum error of ten percent
was determined by using the error values resulted from the fitting procedure.

Fig. 4. The scatter plots of the PSD parameter against the light output for different duration
when the length of the pulse processing window is reduced to 50 ns
integrals under a pulse, over two different intervals often referred
to as the long integral and the short integral. The former corre-
sponds to the area of the entire pulse that is proportional to the
total light output, while the latter includes only part of the area of
the tail. An optimumvalue is used for the starting point of the short
integral and both the integrals end at the same point. The ratio of
the short integral to the long integral is used as the PSD parameter.
The quality of separation between neutrons and gamma-rays is
commonly quantified with a figure of merit (FOM), defined as:

FOM ¼ S
FWHMn þ FWHMg

(2)

where S is the distance between the centres of the neutron and
gamma-ray peaks in the distribution of the PSD parameter and
FWHMn and FWHMg are the full-width at half-maximum of the
neutron and gamma-ray peaks, respectively. These parameters are
determined by fitting a double Gaussian function to the distribu-
tion of the PSD parameter. However, the peaks generally deviate
from a Gaussian shape that cause errors in the calculation of the
FOM value. To minimise such systematic errors, we determine the
FOM values for narrow cuts of light output (50 keVee wide) for
which the peaks exhibit a good Gaussian shape. The average of the
FOM values is then used for the evaluation of the PSD performance
over thewhole examined light output range. The light output range
of the measurements was from 50 to 1600 keVee. Fig. 3 shows the
variations of the average FOM value with the durations of the short
and the long integrals. The highest average FOM value of
1.66 ± 0.05 is achieved with a long integral of about 238 ns and a
short integral starting 30 ns after the start of the pulse. For shorter
durations of the pulse processingwindow, i.e. the length of the long
integral, the FOM value continuously degrades. This is further
shown in the scatter plots of the PSD parameter against the light
output for different pulse processing windows (Fig. 4). The plots
s of the pulse processing window. The discrimination of the events is completely lost



Fig. 5. The variations of the PSD performance of the shortened pulses with the
duration of the short and the long integrals in the charge-comparison method. The
results are shown for decay-time constants of 20 ns (top), 10 ns (middle), and
2 ns (bottom).
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correspond to the best FOM value obtained with the pulse pro-
cessing windows. The events in the upper plumes correspond to
neutrons and those in the lower plumes correspond to gamma-
rays. It is apparent that when the length of the pulse processing
window is reduced to 50 ns, the discrimination between neutrons
and gamma-rays is completely lost. The length of the pulse pro-
cessing window is an important parameter from pulse pile-up
point of view. By increasing the length of the pulse processing
window, the probability of existing more than one pulse in the
pulse processing window, i.e. pulse pile-up, increases that will
obviously cause an error in the calculation of the PSD parameter.
Therefore, depending on the counting rate, a compromise be-
tween the pulse pile-up effect and the PSD performance should be
made.
4.2. The PSD performance of the shortened pulses

In this section, we describe the PSD performance of the short-
ened pulses in the absence of the pulse pile-up effect. The original
pulses were shortened to different decay-time constants and the
charge-comparison PSD method was applied to the shortened
pulses. Similar to that for the original pulses, the average FOM value
was determined for different durations of the long integral and the
short integrals. Fig. 5 shows the results of the FOM calculations for
three decay-time constants of 20, 10 and 2 ns The results imme-
diately reveal that the pulse shortening does not degrade the PSD
performance. The best average FOM values of 1.65 ± 0.05,
1.68 ± 0.06 and 1.77 ± 0.06 were achieved with, respectively, 20, 10
and 2 ns decay-time constants, against the FOM ¼ 1.66 ± 0.05 for
the original pulses.

Nevertheless, the optimum durations of the short and the long
integrals depend on the selected decay-time constant. It is also
clear that for pulse processing windows shorter than 238 ns, the
shortened pulses produce a better PSD performance than the
original pulses. For example with a pulse processing window of
63 ns, a FOM ¼ 1.17 was achieved for pulses shortened to 2 ns
against a FOM ¼ 0.94 for the original pulses. It is also worth
mentioning that for the pulses shortened to 2 ns of decay-time
constant, when the length of the pulse processing window is
much longer than the effective duration of pulses, e.g. for 238, 313
and 338 ns, the FOM results are very close, and thus, the effect of
statistical fluctuations is more prominent.

Fig. 6 shows the scatter plots of the PSD parameter of the pulses
shorted to a decay-time constant of 2 ns against the light output for
different durations of the pulse processing window. It is apparent
that even for a pulse processing window of 50 ns the shortened
pulses exhibit a fair PSD performance while for the original scin-
tillation pulses the discrimination is completely lost (see Fig. 4). In
fact, for shortened pulses to 2 ns with a pulse processing window of
50 ns an average FOM value of 1.03 ± 0.10 with a light output
threshold of 50 keVee was achieved. The FOM improves to
1.20 ± 0.05 for light outputs above 350 keVee.

4.3. PSD results of pile-up pulses

In order to evaluate the performance of the pulse shortening
method in preserving the PSD information of pile-up pulses, a data
set of pile-up events was generated. Random pulses were added to
each other while the distance between the peak positions of the
pulses was chosen according to the outputs of a random number
generator between zero to 100 ns Prior to adding the pulses
together, no discrimination on the type and energy of the indi-
vidual pulses was carried out, and thus, the pile-up pulsesmay have
different patterns of gamma-gamma, gamma-neutron, neutron-
gamma, and neutron-neutron. If we ignore the higher order pile-
up pulses, the maximum time spacing of 100 ns equals to an
event rate of 10MHz, and thus, the simulated pulses mimic second-
order pile-up pulses in event rates of above 10 MHz. The generated
pile-up pulses were then shortened to the decay-time constant of
2 ns. Fig. 7 shows an example of the original and the shortened pile-
up pulses, where as a result of the pulse shortening process, the
pile-up pulses are sufficiently separated to be individually pro-
cessed. Fig. 8 shows the PSD results obtained with 14000 of pile-up
pulses. The results are separately shown for the first and the second
constituent pulses of the pile-up events. A pulse processing win-
dow of 63 ns was used in the PSD calculations with the charge-
comparison method. The results show that for both the first and
the second pulses in the pile-up events a fair PSD performance is
achieved. The FOM values were estimated by fitting a double
Gaussian function to the distributions though a tail in the right side



Fig. 6. The scatter plots of the PSD parameter against the light output for the shortened pulses to 2 ns of decay-time constant for different durations of the pulse processing window.
For the same durations of the pulse processing window a better PSD performance is achieved as compared to the original scintillation pulses.

Fig. 7. An example of the generated pulse pile-up waveforms together with the
shortened waveform to a decay-time constant of 2 ns As a result of the reduction of the
decay-time constant of the pulses, two constituent pulses are separated to be indi-
vidually processed.

Fig. 8. The distributions of the PSD parameter for the first and the second pulses in the
pile-up events.
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of the distributions appears due to the very closely spaced events. A
FOM ¼ 0.80 ± 0.10 and a FOM ¼ 0.81 ± 0.10 were estimated,
respectively, for the first and the second pulses of the pile-up
events. One should note that this level of discrimination is ach-
ieved for pure pile-up pulses which are generally rejected in the
standard PSD methods. This result confirms that the pulse short-
ening method enables to save the PSD information of some of pile-
up pulses although the overall PSD performance of the pile-up
pulses is poorer than pile-up free pulses. It is expected that the
PSD of pile-up pulses will be further degraded by increasing the
event rate but a counting rate of 10 MHz is already sufficiently high
for many applications.
4.4. The effect of the pulse shortening on the measurement of the
light output

In some PSD applications, in addition to the PSD performance, a
measurement of the light output of the events is also required. We
studied how the pulse-shortening algorithm can affect the mea-
surement of the light output of the events. Since the light output is
reflected in the area under a scintillation pulse, we compared the
area under the shortened pulses and the actual light output of the
pulses. The results of the comparison for pulses shortened to a
decay-time constant of 2 ns are shown in Fig. 9. The time interval of
the calculation of the area under the shortened pulses was 50 ns It
is clear that the area under the shortened pulses for neutrons and
gamma-rays have different relations to the actual light output of
the events. Nevertheless, if the type of the incident particle is
known, the linear relations between the integral of the shortened



Fig. 9. The relation between the integral of shortened pulses and actual light output of
the events in keVee. By having the type of particles, a calibration line can be used to
estimate the light output of the events in electron equivalent energy.
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pulse and the actual light output can be used to determine the light
output of the event in electron equivalent energy (keVee).

5. Summary

A pulse shortening method for the reduction of pulse pile-up
effect in PSD with organic scintillation detectors was presented.
The first advantage of themethod is that by shortening the duration
of pulses to small decay-time constants, one can considerably
reduce the length of the pulse processing window, thus minimizing
the probability of pulse pile-up. The second advantage is the pos-
sibility of the separation of pile-up pulses, thus minimizing the
number of pile-up losses with a penalty on the PSD performance.
The method is also computationally inexpensive and suitable for
real-time applications.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.net.2019.07.035.
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