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LaBr3:(Ce) exhibits the best energy resolution among scintillation c-ray detectors. The excellent energy
resolution of this detector has made it suitable for many radiation detection applications such as environ-
mental monitoring, medical imaging, nuclear security, nuclear physics experiments, etc. However, LaBr3:
(Ce) crystal endures from internal radioactivity which produces a considerable background in the mea-
surements. The problem of internal radiation is particularly acute with large size detectors, measuring
low-intensity c-rays. A considerable part of the internal radiation comes from the a-decay of 227Ac
and its daughters which are present as an impurity in the detector’s crystal. Unfortunately, due to the
very similar chemical properties of Actinium and Lanthanum, it is very difficult to remove the 227Ac
impurity by using purification processes, and therefore, the a-background is present in all the commer-
cial crystals. A practical approach for the reduction of this problem is to identify the a-events through an
electronic analysis of the shape of output pulses of the detector and reject them. In the past, several dig-
ital pulse-shape discrimination (PSD) methods have been proposed to suppress the internal a back-
ground in LaBr3:(Ce) detectors. These methods exploit the small difference in the shape of scintillation
pulses from a- and c-ray interactions. The PSD methods have demonstrated some degree of success,
which are limited to only a partial rejection of the a-background while further reduction of the a back-
ground is highly desirable for low-background c-ray measurements. In this work, a novel digital PSD
method that significantly improves the rejection of the internal a background was developed. The PSD
method is based on the wavelet transform of the scintillation pulses, leading to an almost complete rejec-
tion of the a background. This method is very useful for low-level radiation measurements with LaBr3:
(Ce) detectors involving high-energy c rays.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. 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 cerium-doped lanthanum tribromide (LaBr3:(Ce)) crystal is
a well-established high-energy-resolution c-ray scintillation
detector (van Loef et al., 2001; Alharbi et al., 2015). Owing to the
high yield of the scintillation light (�65 photons/keV), an energy
resolution of �3% (FWHM) at an energy of 662 keV can be achieved
with this scintillator, which is the best energy resolution among
those of the known scintillators (van Loef et al., 2002). In addition,
the very fast decay time constant of �15 ns makes this detector
suitable for fast timing measurements (Alharbi et al., 2015; Vedia
et al., 2017). Moreover, LaBr3:(Ce) crystals have a high detection
efficiency and are relatively stable against temperature variations.
The effect of temperature on the light yield and decay-time con-
stant of LaBr3:(Ce) crystals was investigated by Moszyński et al.
(2006) and Bizarri et al. (2006), who demonstrated that the effect
is relatively small. However, this scintillator suffers from internal
radiation, part of which is due to a emissions with energies of
>1.5 MeV from progenies of 227Ac contamination in the detector’s
crystal (Wolszczak and Dorenbos, 2017; Nicolini et al., 2007). The
half-life of 227Ac is 21.7 years and its decay generates a cascade
of daughters, each with a different half-life. The contribution of
the a emissions from 227Ac and its daughters was evaluated to
be �12% of the total internal background of LaBr3:(Ce) crystals.
The rest of the background contains c-rays, beta-rays, and x-rays
which result from the decay chain of 138La. The a background lim-
its the measurement of weak intensity c rays in the high-energy
region; for this reason, the electronic discrimination of a-particle
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and c-ray events can be very useful for low-background measure-
ments involving high-energy c-rays. Several digital pulse-shape
discrimination (PSD) techniques with different degrees of success
have been proposed for this purpose (Hoel et al., 2005; Crespi
et al., 2009; Ogawara and Ishikawa, 2015; McFee et al., 2016;
Alharbi, 2020, Zeng et al., 2016). In this study, a new digital PSD
technique based on the wavelet transform of scintillation pulses
is reported. This technique advances to a significant improvement
in the rejection of the a background. The details of the method are
described, and the excellent performance of the method for almost
complete discrimination of a particles and c rays is experimentally
demonstrated.

2. PSD in LaBr3:(Ce) detectors

The difference in the shape of a-particle and c-ray output
pulses from LaBr3:(Ce) detectors has been previously characterized
in various studies (Hoel et al., 2005; Crespi et al., 2009; Zeng et al.,
2016; Cang et al., 2020). The difference in the shape of the pulses is
due to the fact that in the lanthanum halide scintillators, the
amplitude of the scintillation constituent with the fastest decay
time constant is slightly suppressed with dE/dx (Hoel et al., 2005;
Cang et al., 2018, 2020). For a-particle and c-ray pulses of the same
energy, the difference in the shape of the pulses appears at the
leading edge of the pulses with a maximum difference around
the peaks (Alharbi, 2020). The maximum difference between the
pulses is on the order of 10% (Crespi et al., 2009). From a qualitative
point of view, the leading edge of a signal generated by a particles
is slightly faster than that generated by a c ray of the same energy.
The PSD algorithms examined so far to exploit the differences in
the shapes of a-particle and c-ray pulses from LaBr3:(Ce) include
the charge-comparison method (Crespi et al., 2009; Zeng et al.,
2016), the peak-to-charge ratio method (Ogawara and Ishikawa,
2015), principal component analysis (Alharbi, 2020), c–a model
analysis (Zeng et al., 2016), and the mean time method (Zeng
et al., 2016). However, all these methods have only achieved partial
rejection of the a background.

3. Wavelet-based PSD method

The wavelet transform has already been used for the analysis of
pulses from radiation detectors in several applications (e.g., Yousefi
et al., 2009; Singh and Mehra, 2017). The wavelet transform allows
one to simultaneously analyze the signals over both time and fre-
quency, and thus it can provide more information about a signal
than the common Fourier transform, where a signal is evaluated
only in the frequency domain. The continuous wavelet transform
Wf of signal f(t) at time u and scale s is defined as

Wf u; sð Þ ¼
Z þ1

�1
f tð Þ 1ffiffi

s
p u� t � u

s

� �
dt; ð1Þ

where t is the time, s is the scaling factor, / is called the mother
wavelet, and the star indicates the complex conjugate. The mother
wavelet is a source function for the generation of daughter wave-
lets, which are simply translated and scaled versions of the mother
wavelet. The scale is used for the characterization of the frequency
contents of the signal, while translation is used for the localization
of different frequency contents. There are several choices available
for the mother wavelet, and the best choice depends on the applica-
tion. In general, the choice of wavelet depends on the feature of
interest from within the signal. Because the difference between
the a-particle and c-ray pulses lies in their rise time, our aim is
to use a mother wavelet that is sensitive to the degree of sharpness
in the leading edge of the pulses; for this reason, the Haar wavelet is
a good choice (Tang, 2014). The Haar wavelet has been widely used
2

for the detection of sharp transitions in one-dimensional signals
and has the advantage of simple implementation. Because an a
pulse has a sharper leading edge than a c-ray pulse, the amplitude
of the Haar wavelet transform of the a pulse should produce an out-
put with a greater amplitude than that of a c-ray pulse of the same
energy. This property was used in a PSD approach that simply com-
pares the amplitude of the Haar wavelet transform of a pulse
against the energy of the pulse.
4. Experimental setup

The performance of the PSD method was examined by using a
LaBr3:(Ce) detector (AS20, BrilLanCeTM Saint Gobain) whose crystal
has a cylindrical shape (2́́ � 2́́) and is coupled to a photomultiplier
tube (R6231, Hamamatsu Photonics). The crystal contains five per-
cent of cerium dopant. The photomultiplier tube was biased at
700 V. The output pulses from the anode of the photomultiplier
tube were digitized and recorded using a fast digital oscilloscope
with 8-bit resolution and 250-ps sampling intervals. Each pulse
was recorded for 150 ns (600 samples). The waveforms were cop-
ied to a personal computer to be analyzed offline. The analysis of
the signals was performed using the wavelet toolbox of the
MATLAB package.
5. Results

Fig. 1 shows the results of the characterization of the detector
with a 60Co c-ray source. The c-ray energy spectrum of 60Co was
obtained by making a histogram of the total charge of the scintilla-
tion pulses. The total charge (energy) of each pulse was determined
by taking a numerical integration of the pulse’s samples. Prior to
the numerical integration, the offset of each pulse was fixed by
subtracting the average value of the first 80 samples of pulses
before the oscilloscope’s trigger level from the pulse. The two
peaks at 1.17 MeV and 1.33 MeV were fitted with Gaussian func-
tions and the energy resolutions were determined by dividing
the Full-Width at Half-Maximum (FWHM) of the peaks to the cor-
responding energies. The energy spectrum exhibits energy resolu-
tions of 2.89% (FWHM) and 2.56% (FWHM), respectively, at 1.17
and 1.33 MeV c-ray peaks, which are consistent with the common
values reported in the literature.

After the initial characterization of the system with a 60Co c-ray
source, 100,000 pulses were collected from the internal radiation
of the detector. For this purpose, the measurement was taken in
a low-activity room and under lead shielding, where ambient radi-
ation was low in comparison to the internal radiation from the
LaBr3:(Ce) detector. To extract a discrimination factor for the dis-
crimination between the a pulse and c-ray pulses, the Haar wave-
let transform of the pulses was calculated using the CWT function
in the MATLAB package. This function calculates the wavelet trans-
form of the input signal for a determined scale value. The ampli-
tude of the wavelet transform of each pulse was then
determined and normalized to the energy of the scintillation pulse
to be used as a discrimination factor. Fig. 2 shows a scatter plot of
the discrimination factor against the energy of the events. A scale
value of 15 ns was used in the calculation of the Haar wavelet
transform. In the energy range of 1500–3000 keV, the scatter plot
features two well-defined regions, characteristic of well-separated
a particles (upper) and c rays (lower). According to several studies
(Milbrath et al., 2005; Dorenbos et al., 2004), the light yield of a
particles in the LaBr3:(Ce) crystal is considerably lower than that
for c rays. Therefore, although the actual energy of the a particles
emitted from 227Ac and its daughters are on the order of several
MeV, the a pulses appear in the energy range of 1.5–3.0 MeV



Fig. 1. Characterization of the c-ray spectroscopic performance of the detector with digital processing of the photomultiplier’s output pulses by using a 60Co c-ray source. The
energy resolutions are 2.89 and 2.56 % at, respectively, at 1.17 and 1.33 MeV energies. The low energy peaks are due to 32 keV x-rays and beta continuum from 138La, and
backscattered c-rays from 60Co source.

Fig. 2. Scatter plot of the discrimination factor against the event energy. The a particles and c rays are well separated to different regions. The vents with a discrimination
factor above 0.018 are a-particles and events with a discrimination factor below 0.018 are c-rays. The scale factor in the wavelet transform is 15 ns.
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and interfere with the c-ray measurements in this energy range.
Fig. 2 shows that the discrimination between the a-particle and
c-ray events in the wavelet method can be simply obtained by
defining a boundary, and the events were classified as a particle
if the discrimination factor was > 0.018 or c ray if the discrimina-
tion factor was < 0.018. Fig. 3 shows the background spectrum
Fig. 3. The energy spectrum of background events after the rejection of a particles toge
events lie in three separate peaks corresponding to the energy of a particles from the d
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after the rejection of a particle background events in the energy
region above 1.5 MeV together with the spectrum of the rejected
background a particle events. One can see that the a particles
background consists of three wide peaks.

The performance of the PSD method may be quantitatively
checked by calculating the figure of merit (FOM) for the
ther with the spectrum of background a particles. One can see that the a particles
ecay of 227Ac and its daughters.



Fig. 4. Calculation of the FOM value for the wavelet PSD method with a scale value of 15 ns. A FOM value of 1.25 ± 0.05 was achieved.

Fig. 5. Variation of the FOM value with the scale value in the Haar wavelet
transform of the scintillation pulses.

Table 1
Comparison of the FOM values of different digital PSD methods previously examined
for the rejection of a background in LaBr3:(Ce) detectors.

Method FOM Reference

Principal component analysis 0.92 (Alharbi, 2020)
Charge comparison 0.686 (Zeng et al., 2016)
Mean time method 0.503 (Zeng et al., 2016)
Pulse model 0.623 (Zeng et al., 2016)
Wavelet transform 1.25 ± 0.05 Current work
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distribution of the discrimination factor (R. A. Winyard, et al,
1971). The FOM is defined as

FOM ¼ D
FWHMa þ FWHMc

; ð2Þ
Fig. 6. Two example a-particle and c-ray pulses, together with their corresponding Haa
The ratio of the amplitude of the photomultiplier output pulses is only 1.05 while the r
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where D is the separation between the peaks of the a-particle and
c-ray events and FWHMa and FWHMc are the FWHM values of
the distributions of a-particle and c-ray peaks, respectively. These
parameters are determined by fitting a double Gaussian function
to the distribution of the discrimination factor. Fig. 4 shows the
results of the FOM calculations corresponding to the data shown
in Fig. 2. Both peaks of a-particle and c-ray events exhibit good
Gaussian shapes over the entire energy range of 1500–3000 keV.
A very good FOM value of 1.25 ± 0.05 was obtained by fitting a dou-
ble Gaussian function to the distribution. The error was calculated
based on errors in the fitting process. Because the scale value in
the wavelet transform strongly affects the result of the transform
and, thereby, the PSD performance, the PSD method was repeated
for a range of scale values, and the corresponding FOM values were
calculated using Eq. (2). Fig. 5 shows the variations in the FOM value
with the scale value. The optimum scale value was � 15 ns.
r wavelet transforms with a scale value of 15 ns. Both pulses have the same energy.
atio of the amplitude of the Harr wavelet transforms of the pulses is � 1.36.
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Two typical a-particle and c-ray pulses, together with their cor-
responding wavelet transforms obtained with a scale value of
15 ns, are shown in Fig. 6. The pulses were selected to have the
same energy of � 2 MeV. It is apparent that, while the amplitudes
of the original scintillation pulses are only slightly different, the
difference in the amplitude of the wavelet transforms of the pulses
is � 20%, which reflects the high sensitivity of the wavelet PSD
method to the difference in the shape of the scintillation pulses.
6. Discussion

As already mentioned, digital PSD methods have been previ-
ously used to discriminate between a-particle and c-ray pulses
from LaBr3:(Ce) detectors. However, owing to the small difference
in the shape of the pulses, the previous PSD methods have been
able to discriminate only against a fraction of the a-particle pulses.
The reported FOM values for the previous PSD methods and the
current work are summarized in Table 1. It can be seen that the
wavelet-based PSD method exhibits the highest FOM value, which
means that the wavelet method offers significantly improved per-
formance over the previous PSD methods, and therefore, the over-
lap areas between the a-particle and c-ray events have
significantly decreased. In general, it has been shown that a com-
plete separation of the two classes of events with Gaussian distri-
butions is achieved when the FOM value exceeds a threshold level
of 1.27 (Lintereur et al., 2002). Based on this baseline, our PSD
method with an FOM value of 1.25 ± 0.05 can achieve almost com-
plete rejection of the a-contamination background. It is worth
mentioning that actinium has very similar chemical properties to
lanthanum because its location in the periodic table is directly
below lanthanum, which makes it a very difficult contaminant to
eliminate. In fact, Ac contamination is still present in all the com-
mercial LaBr3:(Ce) crystals; therefore, our electronic elimination of
background brings a significant advantage to LaBr3:(Ce) without
extra cost. The significant improvement in the performance of
LaBr3:(Ce) detectors enables the measurement of low-intensity
energetic c rays with this high-energy-resolution detector. There
are many applications that can benefit from the elimination of a
background in LaBr3:(Ce) detectors, including gamma-scanning
systems for identifying potential sources of contamination in the
environment and soil, nuclear security systems for the detection
of illegal nuclear materials, nuclear physics experiments, and
radioisotope identification devices.
7. Conclusions

A new digital PSD method for the rejection of a background in
LaBr3:(Ce) detectors is developed. The method is based on the Haar
wavelet transform of scintillation pulses, which is a simple and
easy to implement method. The simplicity of the method makes
it possible to implement it on digital hardware for real-time oper-
ations and build a digital c-ray spectroscopy system. Evaluation of
the method through the calculation of the FOM demonstrates that
the method significantly improves the rejection of a pulses com-
pared to the previously reported methods. With an FOM value of
1.25, almost complete rejection of the a pulses can be achieved.
This method is especially useful for low-background measure-
ments of high-energy c rays in the environmental monitoring
and security applications with large-size LaBr3:(Ce) detectors,
where the a background is a major problem. The method is also
applicable to other types of scintillators where the difference in
the shape of the pulses lies in the leading-edge of the pulses.
5
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