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a b s t r a c t

A digital method for the discrimination of neutron and γ-ray events based on analyzing the power
spectra of the signals from a BC501A liquid scintillator detector was presented and investigated in this
paper. In order to evaluate the feasibility of this novel pulse shape discrimination method, a 5GSample/s
8-bit oscilloscope was used to acquire waveforms for n/γ discrimination. Furthermore, the performance
of this novel n/γ discrimination method was compared with that of a widely used method called the
reference-pulses method which averaged a large number of neutron and γ-ray pulses to obtain the
reference-pulse as the criterion for n/γ discrimination. The results showed that the proposed method
performed well over the reference-pulses method, which was verified by the considerable decrease in the
error rate of n/γ discrimination and the improvement of the Figure of Merit.

& 2013 Elsevier B.V. All rights reserved.
1. Introduction

Liquid scintillators are widely used in fast neutron detection
because of their excellent pulse shape discrimination (PSD) prop-
erties and fast timing performance. In most cases the accurate
discrimination between neutrons and γ rays is essential since
liquid scintillators are sensitive to both neutrons and γ-ray
photons [1]. Over the past few decades many PSD techniques for
n/γ discrimination, which are based on the principle that the decay
rate of the light output of a liquid scintillator depends on the
radiation types, have been developed and studied. The traditional
methods of n/γ discrimination, including the rise-time method
[2,3] and the charge-comparison method [4,5], exploit analog
techniques which require dedicated analog electronic modules
with complex circuits and poor stability. The rise-time method
implies the determination of the time at which the integrated light
output reaches a certain fraction of its maximum, while the
charge-comparison method implies essentially the determination
of the relative weight of the amounts of light emitted respectively
in the fast and slow component of the light pulse. The implemen-
tation of the charge-comparison method generally relies upon the
integration of the pulse over two different intervals, whose choice
depends on the actual experimental set-up adopted. The statistics
of this method is much simpler than that of the rise-time
technique, being essentially driven by the binomial law. In general,
ll rights reserved.
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the charge-comparison approach performs better than the rise-
time method [6].

More recently, there has been a turning point in n/γ discrimi-
nation in accordance with the advent of related fast and high
resolution digital devices such as A/D converters, digital signal
processors (DSPs), and field programmable gate arrays (FPGAs).
These digital processors can sample and store the complete
waveform of the liquid scintillator signals for post-processing,
thus have offered the feasibility to transport the traditional PSD
algorithms into the digital framework and also opened a new
window for the digital n/γ discrimination techniques that afford
additional benefits in terms of speed and discrimination perfor-
mance. For example, Moszynski et al. [7] carried out the study of
the n/γ discrimination for a large volume BC501A liquid scintillator
coupled to a 130 mm diameter XP4512B photomultiplier (PMT) by
the digital charge-comparison method and achieved a very good
n/γ discrimination down to 100 keV of recoil electron energy.
Ambers et al. [8] presented a hybrid PSD method which combines
a charge-comparison PSD method with a reference-pulses PSD
method, and the results demonstrated that the method gave
considerable improvement over the charge-comparison method
for light output bins below 70 keVee. S. Marrone et al. [9]
described an algorithm based on the fit of an analytical shape
(three exponential functions) to the recorded signals, and the
performance of this method, both in terms of energy resolution
and particle identification, is comparable to that of the charge-
comparison method. In addition, several original digital methods
have recently been developed such as the correlation method [10],
the method of pulse gradient analysis (PGA) [11–13], the method
of artificial neural networks [14], the fuzzy c-means algorithm
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[15], the wavelet algorithm [16,17], and the method of frequency
gradient analysis (FGA) [18,19].

In summary, all of the above mentioned methods have been
implemented successfully for n/γ discrimination in terms of some
specific aspect of discrimination performance. However, most of
them exploit directly the pulse response arising from the PMT,
often by averaging a large number of neutron and γ-ray pulses to
obtain the reference-pulse as the criterion for n/γ discrimination, i.
e. the reference-pulses method. Since the signal response of the
scintillant cell and the PMT is statistical and very noisy, the natural
variance in the pulse shape may deteriorate the n/γ discrimination
performance of these PSD methods. In this paper, we propose a
new n/γ discrimination method which is based on analyzing the
power spectrum of the detector signal. The primary consideration
of this research is to decrease the sensitivity to pulse variation and
improve the n/γ discrimination performance of the PSD method by
transforming the signal into the frequency-domain. The method
has been tested using the Time-of-Flight (TOF) measurement
system described in Section 2. In Section 3, the principle of the
method is given and its n/γ discrimination performance is inves-
tigated by comparing with that of the reference-pulses PSD method.
Finally, the conclusions arising from this research are stated in
Section 4.
2. The experiment

The experimental data analyzed in this work were acquired
using the TOF measurement system at the Institute of Nuclear
Physics and Chemistry, the Chinese Academy of Engineering
Physics, Mianyang, China. As shown in Fig. 1, through deuter-
ium–tritium fusion reaction, an associated particle neutron gen-
erator (APNG) produces neutrons and alpha particles that are
correlated in time and travel in opposite directions to conserve
momentum. The energies of neutrons and alpha particles are
14.1 MeV and 3.5 MeV, respectively.

For TOF research, one plastic scintillation detector detects the
arrival of the alpha particle beam pulse and provides a timing
reference point for the arrival of each pulse and is referred to as
the beam-pickup signal, and the other liquid scintillation detector
placed at an adjustable distance from the tritiated target detects
the corresponding neutrons or γ rays. The plastic scintillation
detector consisted of a Φ25.4 mm�0.1 mm cylindrical cell scintil-
lation detector, optically-coupled to an EMI 9807B PMT, which
was operated with a negative supply voltage of −1600 V DC.
Fig. 1. A schematic of the experimental set-up used for the associated particle
neutron generator at the Institute of Nuclear Physics and Chemistry, the Chinese
Academy of Engineering Physics, Mianyang, China.
The output signal from the plastic scintillator was connected to
Channel 1 of a Tektronic digital phosphor oscilloscope (DPO) 4104,
via approximately 25 m of high bandwidth cable. The liquid
scintillation detector consisted of a Φ50.8 mm�50.8 mm cylind-
rical cell scintillation detector filled with BC501A organic liquid,
optically-coupled to another EMI 9807B PMT, which was operated
with a negative supply voltage of −1400 V DC. The output signal
from the liquid scintillator was connected to another input of the
digital oscilloscope and used to trigger acquisition.

The liquid scintillator pulse and the corresponding beam-
pickup pulse data were captured digitally with the Tektronix
DPO4104 with 8-bit resolution working at 5GSample/s. This
enabled all detected events, both γ rays and neutrons, to be sorted
in terms of their time-of-arrival relative to the initial beam-pick
up. Based on the difference in flight time for neutrons and γ rays
across the known flight path length, we extracted 2304 neutron
and 1103 γ-ray pulses for the research on n/γ discrimination in this
paper. The misidentification rate of the TOF method in this
experiment for neutron and γ-ray pulses are approximately 0.012
and 0.008 respectively because of the scattered events and other
accidental particles. Since TOF is in general a high-accuracy
method of n/γ discrimination, the results of TOF can be used for
the research of n/γ discrimination with the PSD methods in Section
3.
3. n/γ discrimination with PSD methods

The pulse processing began with the removal of the baseline
shift where a constant baseline shift was calculated in the pre-
trigger range of the captured signal and then subtracted from the
digitized waveform to retrieve its original pulse with zero-baseline
drift. The starting time of each signal was defined as the time when
it reaches 10% of its maximum amplitude and the duration of the
pulse was set to 110 ns. These pulses were subsequently sorted out
into three pulse height bins ranging from 0.25 to 8.30 MeVee, i.e.
bin 1 (1714 pulses, 0.25–2.25 MeVee), bin 2 (820 pulses, 2.25–
5.60 MeVee) and bin 3 (873 pulses, 5.60–8.30 MeVee).
3.1. The power spectrum PSD method

The concept of the power spectrum of a signal is fundamental
in electrical engineering, especially in electronic communication
systems, often being used to identify the frequency components of
the signal. However, no research has been devoted to the applica-
tion of the power spectrum in n/γ discrimination. Since the pulse
shape of the neutron-induced signal is different from that of the
γ-induced signal, in this section we will attempt to investigate the
n/γ discrimination by observing and measuring the power spec-
trum of the output signals in the experiment.

For continuous signals that describe for example stochastic
physical processes, the power spectrum gives a plot of the portion
of a signal's power falling within given frequency bins. Here,
power can be the actual physical power, or more often, for
convenience with abstract signals, can be defined as the squared
value of the signal. The power spectrum of a given signal x(t) is
defined as

PðωÞ ¼ lim
T-∞

1
T

���XT ðωÞ
���2 ð1Þ

where ω is the normalized discrete-time frequency and XT(ω) is
the Fourier transform of the signal x(t) in period T, i.e.

XT ðωÞ ¼
Z T

0
xðtÞexpð−jωtÞdt ð2Þ
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In this study, the neutron and γ-ray pulses with the pulse
period of 110 ns were sampled with a digital phosphor oscillo-
scope working at 5GSample/s. Thus for each pulse acquired, a
finite-length sequence x[n] of length N (N¼550) samples was
actually recorded. According to the power spectrum estimation
technique called periodogram [20], we firstly take the Fourier
transform of the signal x[n]

XðejωÞ ¼ ∑
N−1

n ¼ 0
x½n�e−jωn ð3Þ

Then we can calculate the power spectrum of the signal x[n] as:

PðωÞ ¼ 1
N

XðejωÞj2
��� ð4Þ

In this way we obtained the power spectra of a total of 2304
neutron and 1103 γ-ray pulses. Fig. 2a shows the power spectra of
individual neutron and γ-ray pulses in the frequency range from
0 to π. Subsequently, the reference neutron power spectra of three
pulse height bins were computed by averaging the power spectra
of neutron pulses in each bin respectively, and the reference
gamma power spectrum was obtained in the same way which is
shown in Fig. 2b. It can be observed from Fig. 2b that below the
discrete-time frequency π/5 the amplitude of the reference power
spectra of neutron pulses in bin 1 and 2 are greater than that of
γ-ray pulses while the reference neutron power spectrum for bin
3 is greater than the reference gamma power spectrum just below
the discrete-time frequency 3π/10. Furthermore, the reference
neutron power spectra decreases more sharply than the reference
gamma power spectrum in general. These distinct differences
between the power spectra of neutron and γ-ray pulses make it
feasible to accomplish n/γ discrimination based on analyzing the
power spectrum of the signal.
Fig. 2. (a) The power spectra of individual neutron and γ-ray pulse

Fig. 3. Scatter plots of peak amplitude against the discrimination parameter of the PSD
indicate the threshold between neutrons and γ rays. (a) The power spectrum PSD metho
For an “unknown” measured pulse in each bin, the power
spectrum was calculated firstly and then compared point-by-point
to the reference power spectra of neutron pulses of its bin and γ-
ray pulses. The Chi Square (χ2) [21] was employed to test the
differences between the power spectrum of the measured pulse
and the reference power spectrum of neutron and γ-ray pulses, i.e.

χ2n−P ¼∑
i

ðP̂i−Pn−iÞ2
Pn− i

; χ2γ−P ¼∑
i

ðP̂i−Pγ−iÞ2
Pγ−i

ð5Þ

where P̂i is the i-th sample of the power spectrum of the measured
pulse, Pn−i and Pγ−i are the i-th samples of the reference power
spectrum of neutron and γ-ray pulses, respectively. Then the n/γ
discrimination parameter is defined as

DP ¼ χ2γ−P−χ
2
n−P ð6Þ

Traditionally, the quality of an n/γ discrimination method is
often assessed qualitatively by plotting the amplitude of a given
pulse against a discrimination parameter [11–13,18,19,22]. In this
study, with the plot of peak amplitude of each pulse versus the
discrimination parameter DP in Figs. 3–5a, two well-separated
groups of events can be observed, each of which corresponding to
neutron or γ-ray events. It is seen that each point in the plane has
been tagged with the pulse type that TOF has assigned to it, which
can provide an independent basis for the identification of radiation
type alongside the power spectrum PSD method. Besides, the
neutron and γ-ray plumes have been separated by using a
discrimination line on each plot that represents the best separa-
tion boundary, which is an established technique [23] whereby the
centroid of each cluster of data is identified and a linear fit is
applied to the midpoints between the clusters. In Fig. 3a for
instance, if DP is positive, which means that the differences
s. (b) The reference power spectra of neutron and γ-ray pulses.

methods for 1714 pulses in bin 1 (0.25–2.25 MeVee). A line is included on each to
d, and (b) the reference-pulses method.



Fig. 4. Scatter plots of peak amplitude against the discrimination parameter of the PSD methods for 820 pulses in bin 2 (2.25–5.60 MeVee). A line is included on each to
indicate the threshold between neutrons and γ rays. (a) The power spectrum PSD method, and (b) the reference-pulses method.

Fig. 5. Scatter plots of peak amplitude against the discrimination parameter of the PSD methods for 873 pulses in bin 3 (5.60–8.30 MeVee). A line is included on each to
indicate the threshold between neutrons and γ rays. (a) The power spectrum PSD method, and (b) the reference-pulses method.

Fig. 6. The reference-pulses of neutrons in three pulse height bins and γ rays.
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between the power spectrum of the measured pulse and the
reference power spectrum of neutron γ-ray pulses (χ2γ−P) is greater
than the differences between the power spectrum of the measured
pulse and the reference power spectrum of neutron pulses (χ2n−P),
the measured pulse would be classified as a neutron event on basis
of the power spectrum PSD method, whilst if negative the measured
pulse can be identified as a γ-ray event. Therefore, the events
located on the right side of the discrimination line are identified as
neutrons and the left groups of events are regarded as γ rays in
Fig. 3a according to the power spectrum PSD method. Most of the
TOF-attributed neutrons and γ rays are located in the expected
region of the scatter plot corresponding to their TOF assignments
while there are some events being mistakenly classified by the
power spectrum PSD method, which will be discussed in Section 3.

3.2. PSD with the reference-pulses method

In our research, we chose the reference-pulses PSD method
[8,22,24] that has received wide acceptance as a reference to
evaluate the n/γ discrimination performance of the power spectrum
PSD method. The same 3407 pulses processed in Section 3.1 were
applied to the reference-pulses method. First, these signals were
normalized to maximum in order to remove the dependency of the
reference-pulses method on the amplitude of the pulse. As shown in
Fig. 6, the reference-pulses of neutrons of three pulse height bins
were obtained by averaging the neutron pulses in each bin
respectively and the γ-ray reference-pulse was computed by
averaging a total of 1103 γ-ray pulses. The acquired average
neutron and γ-ray pulses were used as references for identifying
and distinguishing neutrons from γ rays measured with the
BC501A scintillator. Each measured pulse in some pulse height
bin, after normalization, was compared point-by-point to the
neutron reference-pulse of its bin and the γ-ray reference-pulse.
The comparison of the pulse shapes was done from the pulse
maximum to 110 ns after the pulse maximum; this is the opti-
mized region that correctly identified most pulses.

Like the power spectrum PSD method, we use the Chi Square (χ2)
to evaluate the differences between the measured pulse and the
reference-pulses of neutron and γ rays as follows:

χ2n�R ¼∑
i

ðxi−Rn−iÞ2
Rn− i

; χ2γ−R ¼∑
i

ðxi−Rγ−iÞ2
Rγ− i

ð7Þ



X.L. Luo et al. / Nuclear Instruments and Methods in Physics Research A 717 (2013) 44–5048
where xi is the i-th sample of the pulse shape of the measured
event, Rn− i and Rγ−i are the i-th samples of the reference-pulse
shape of neutron and γ-ray events, respectively [22]. Then the n/γ
discrimination parameter of this method is defined as:

DR ¼ χ2γ−R−χ
2
n−R ð8Þ

By plotting the peak amplitude of each measured pulse against
the discrimination parameter DR shown in Figs. 3–5b, two distinct
groups of events can be observed in each plot. Similarly, each
event has been denoted by a symbol corresponding to its TOF
assignment and the threshold for discrimination has been
depicted by a line. It is understandable that the region on the
right of the discrimination line corresponds to neutrons and the
left area corresponds to γ rays based on the reference-pulses
method.

3.3. Performance comparison between the power spectrum
PSD method and the reference-pulses method

Based on the discrimination rules of the reference-pulses method
and the power spectrum PSD method described in Sections 3.1 and
3.2, the n/γ discrimination results of the three pulse height bins
corresponding to different signal energies are derived from
Figs. 3–5 and presented in Table 1.

Nn and Nγ represent the number of the neutron and γ-ray
pulses that incorrectly identified by the reference-pulses method or
the power spectrum PSD method respectively. Nt is the total number
of pulses in each bin. Thus the discrimination error of the
reference-pulses method and the power spectrum PSD method can
be calculated as

Error¼ ðNn þ NγÞ=Nt ð9Þ
As shown in Table 1, the discrimination error of both the

reference-pulses method and the power spectrum PSD method
increase with the descending signal energies. However, the dis-
crimination error of the power spectrum PSD method is lower than
Table 1
Neutron/gamma discrimination results of the reference-pulses and the power
spectrum PSD methods for different signal energies.

Energy (MeVee) Method Nn Nγ Nt Error (%)

0.25–2.25 The reference-pulses 78 23 1714 5.9
The power spectrum 48 17 1714 3.8

2.25–5.60 The reference-pulses 29 11 820 4.9
The power spectrum 17 7 820 2.9

5.60–8.30 The reference-pulses 20 13 873 3.8
The power spectrum 10 6 873 1.8

Fig. 7. The probability distribution histogram corresponding to Fig. 4 for pulses in b
(b) the reference-pulses method.
that of the reference-pulses method at different signal energies.
Specifically, the discrimination error of the power spectrum PSD
method is only 64.4, 59.2, and 47.4 percent of that of the reference-
pulses method at the pulse height bins of 0.25–2.25 MeVee, 2.25–
5.60 MeVee, and 5.60–8.30 MeVee, respectively. It is evident that
the power spectrum PSD method shows increased discrimination
accuracy over the reference-pulses method, especially at high
particle energies.

In order to further evaluate the overall n/γ separation perfor-
mance of the power spectrum PSD method and the reference-pulses
method, the Figure of Merit (FOM) of the two methods will be
obtained and compared with each other. A larger value of FOM
indicates better performance of the n/γ discrimination method.
FOM is a common measure of the separation that can be achieved
between different types of event distributions and is defined as

FOM¼ S
FWHMγ þ FWHMn

ð10Þ

where S is the separation between the peaks of the neutron and γ-
ray events in the spectrum, FWHMn is the full-width-half-
maximum (FWHM) of the spread of events classified as neutrons
and FWHMγ is the FWHM of the spread in the γ-ray peak. If the
distribution function of each event is consistent with Gaussian
distribution, Eq. (9) becomes

FOM¼ jμn−μγj
2:35ðsγ þ snÞ

ð11Þ

where μγ and μn are the means of the γ-ray and neutron Gaussians
respectively. The standard deviation, s, is given as sγ and sn for the
γ-ray and neutron Gaussians respectively [25].

To evaluate the separation of the neutron and γ-ray plumes in
Fig. 4 for example, those data should be firstly normalized to the
total number of pulses in bin 2 and then presented as a probability
distribution function which has plotted against the distance of
each point from the discrimination line (Fig. 7).

As shown in Fig. 7, two peaks of the distribution curve evidently
correspond to the γ-ray and neutron events and can be used for
Gaussian fits with the curve fitting tool available in MATLAB
software. The sum of Gaussian distribution is expressed as

f ðxÞ ¼ Aγexp −
ðx−μγÞ2
2sγ2

" #
þ Anexp −

ðx−μnÞ2
2sn2

" #
ð12Þ

where μγ, μn, sγ and sn are the same as those in Eq. (11). The
Gaussian functions are scaled using Aγ for the γ-ray Gaussian and
An for the neutron Gaussian. It is obvious that there is a good fit
between the Gaussian distribution and the probability distribution
function. Table 2 presents the means, standard deviations with
uncertainties for the Gaussian fits shown in Fig. 7.
in 2 with fitted Gaussian distributions. (a) The power spectrum PSD method, and



Table 2
The values of parameters in (12) calculated from the experimental results of the reference-pulses and the power spectrum PSD methods for pulses in bin 2, respectively.

Method μγ sγ μn sn

The reference-pulses −1.74270.001 0.61570.001 2.09170.002 0.78470.001
The power spectrum −30.15670.169 9.47270.053 30.78370.172 9.58670.058

Table 3
FOMs of the reference-pulses and the power spectrum PSD methods for different
signal energies.

Energy (MeVee) FOM

The reference-pulses The power spectrum

0.25–2.25 1.00570.001 1.02470.001
2.25–5.60 1.16670.001 1.36070.002
5.60–8.30 1.42170.002 1.61470.002

X.L. Luo et al. / Nuclear Instruments and Methods in Physics Research A 717 (2013) 44–50 49
Substituting the variables in Eq. (11) with the corresponding
data shown in Table 2, we can obtain the FOMs of the reference-
pulses and the power spectrum PSD methods for bin 2 (2.25–
5.60 MeVee). Similarly, the FOMs corresponding to different signal
energies using both the reference-pulses and the power spectrum
PSD methods have been calculated and listed in Table 3.

According to Table 3, the FOM of the power spectrum PSD
method (FOMP) is approximately 16.6% and 13.6% larger than that
of the reference-pulses method (FOMR) for bin 2 (2.25–5.60 MeVee)
and bin 3 (5.60–8.30 MeVee) respectively, which indicates an
evident improvement of the performance over the reference-
pulses method under the same condition. However, FOMP is only
1.9% larger than FOMR for bin 1 (0.25–2.25 MeVee), which shows
that the performance of these two PSD methods are comparable to
each other when discriminating those neutrons at relatively low
energies from γ rays.
4. Summary and conclusions

In this paper, a novel n/γ discrimination method which makes use
of the power spectrum of the signal from a BC501A liquid scintillator
was presented. This power spectrum PSD method and the reference-
pulses method were applied to the same signals acquired with the
system comprising of a 14.1 MeV neutron generator, a BC501A liquid
scintillator and a 5GSample/s 8-bit oscilloscope to discriminate
neutrons and γ rays respectively. The performance of the power
spectrum PSD method in terms of n/γ discrimination was evaluated
and compared with that of the reference-pulses method for three
pulse height bins (0.25–2.25 MeVee, 2.25–5.60 MeVee, and 5.60–
8.30 MeVee).

The results demonstrated that the power spectrum PSD method
gave considerable improvement over the reference-pulses method
at relatively high energies because an improvement of 16.6% and
13.6% in FOM was observed for bin 2 (2.25–5.60 MeVee) and bin 3
(5.60–8.30 MeVee) respectively and its error rate of n/γ discrimi-
nation was lower than that of the reference-pulses method. This is
because that some noise in the signal has the similar time-domain
features with the particle signal which will directly change the
pulse shape of the particle signal and as a result, those PSD
methods which use time-domain features of the particle signals,
e.g. the reference-pulses method, are sensitive to noise and statis-
tical fluctuation of the light intensity. Therefore, it is noteworthy
that a new definition of the discrimination parameter for the
reference-pulses method was given in [15], which can cancel out
part of the high frequency noise present in the signal and thus
decrease this method's sensitivity to noise. However, the power
spectrum PSD method we proposed here is an essentially
frequency-domain method, for the power spectrum of the particle
signal is utilized to accomplish n/γ discrimination, and thus it
outperforms the reference-pulses method. And this method is suited
for the applications which use scintillator detectors and require
PSD such as biomedical imaging, home-land security, worker
safety and nuclear non-proliferation. Yet at the same time, it
should be pointed out that the n/γ discrimination efficiency of
the power spectrum PSD method is worsened for small signals due
to the scintillation statistics, the electronic noise and the quantiza-
tion effects of the digitizer, which is a fundamental limitation for
any discrimination method and will be the subject of our future
research.
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