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a b s t r a c t

A comparative study of the neutron–γ discrimination performance of a liquid scintillator detector
BC501A coupled to four different 5 in. photomultiplier tubes (ET9390kb, R11833-100, XP4512 and R4144)
was carried out. Both the Charge Comparison method and the Integrated Rise-Time method were
implemented digitally to discriminate between neutrons and γ rays emitted by a 252Cf source. In both
methods, the neutron–γ discrimination capabilities of the four photomultiplier tubes were quantita-
tively compared by evaluating their figure-of-merit values at different energy regions between 50 keVee
and 1000 keVee. Additionally, the results were further verified qualitatively using time-of-flight to
distinguish γ rays and neutrons. The results consistently show that photomultiplier tubes R11833-100
and ET9390kb generally perform best regarding neutron–γ discrimination with only slight differences in
figure-of-merit values. This superiority can be explained by their relatively higher photoelectron yield,
which indicates that a scintillator detector coupled to a photomultiplier tube with higher photoelectron
yield tends to result in better neutron–γ discrimination performance. The results of this work will
provide reference for the choice of photomultiplier tubes for future neutron detector arrays like NEDA.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Since liquid scintillators, the most widely used detector materials
for fast neutron detection, are sensitive to both neutrons and γ rays,
the neutron–gamma (n–γ) discrimination is an essential requirement
of fast neutron detection in radiation fields where neutrons and γ rays
coexist [1]. Over the past few decades various n–γ discrimination

methods have been developed based on the principle that the decay
rate of the light output of a liquid scintillator depends on the radiation
type. Among these methods, the most popular ones are conventional
methods such as Charge Comparison (CC) method [2,3] and the Zero-
Crossover (ZCO) method [4,5].

A lot of effort has recently been put into the development of
n–γ discrimination, with focus on two aspects: the n–γ discrimination
method itself and the scintillator material. On one hand, the avail-
ability of digital pulse-processing systems not only offers the feasibility
of transforming the conventional n–γ discrimination methods into the
digital framework, but also opens the possibility of proposing sophis-
ticated n–γ discrimination algorithms. For instance, several original
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digital methods have yielded good results for n–γ discrimination such
as the correlation method [6], pulse gradient analysis (PGA) [7–9],
artificial neural networks [10–12], fuzzy c-mean algorithm [13,14],
wavelet algorithm [15–17], and frequency gradient analysis (FGA)
[18–21]. On the other hand, some research groups have demonstrated
the possibility of manufacturing plastic scintillators with efficient pulse
shape discrimination [22]. A new plastic scintillator EJ-299-33 capable
of n–γ discrimination has been developed and commercialised very
recently [23,24]. Although the n–γ discrimination quality of this plastic
scintillator is currently poorer compared to that of liquid scintillators,
the plastic scintillator has the advantage of removing the undesirable
properties of a liquid scintillator, such as flammability, toxicity, and the
necessity of an expansion volume [25].

However, it should be noted that regardless of the scintillator
material and the algorithms used, n–γ discrimination would be
impossible without a photomultiplier tube (PMT), which converts
the light output of a scintillation pulse into a corresponding electrical
signal. In this study, the principal task is to investigate the dependence
of the n–γ discrimination performance of a liquid scintillator on the
PMT type. This issue was evaluated in the context of the construction
of the NEutron Detector Array (NEDA) [26–28]. The NEDA project
addresses the design of a neutron detector array to be used as an
ancillary device for large γ-ray arrays such as AGATA [29,30] using
both intense stable as well as radioactive ion beams. The full version of
NEDA will consist of around 350 identical hexagonal detectors, each
containing about 3 l of liquid scintillator of type BC501A. The
scintillators will be coupled to 5 in. PMTs for readout of the scintilla-
tion light and the signals will be digitised by electronic modules
specifically designed for NEDA [31–33]. Modern neutron detector
arrays, such as NEDA, combine two techniques for discrimination of
neutrons and γ rays: pulse-shape analysis and time-of-flight (TOF).
Both discrimination methods require excellent time resolution, thus,
challenging the performance figures of the PMTs to be used. NEDAwill
consist of many closely packed liquid scintillators in order to achieve a
high neutron detection efficiency. Nevertheless, only with an excellent
n–γ discrimination performance, it is possible to identify weak
reaction channels associated with emission of neutrons. Therefore,
the n–γ discrimination performance of a BC501A liquid scintillator
detector coupled to four different PMTs: ET9390kb, R11833-100,
XP4512 and R4144 (see Table 1) has been tested carefully with the
experimental set-up described in Section 2. The initial choice of the
PMTs was restricted only to 5 in. PMTs that could meet our demands,
such as fast timing, good linearity and large quantum efficiency. The
results of n–γ discrimination and related properties of different PMTs
are given and discussed in Section 3. Finally, the conclusions arising
from this study are stated in Section 4.

2. Experiment

The measurements were carried out at INFN-LNL. The experi-
mental set-up is illustrated in Fig. 1. All four tested PMTs have a

diameter of 5 in. and are coupled to the same cylindrical cell
containing BC501A scintillator liquid, 5 in. in diameter and 5 in. in
depth. The BC501A detector was placed at 50 cm from a 252Cf
source to detect the neutrons. The activity of the source was about
2 MBq. The HV was set to get a signal amplitude of about 1 V/MeV
for each PMT using a 60Co source. All PMTs were shielded with
m-metal from magnetic fields. A lead brick with a thickness of 5 cm
was put between the source and the BC501A detector. This
shielding reduced the count rate due to γ rays without losing
too many neutrons, thus keeping the count rate of the PMT at a
reasonable value of around 2 kHz. In addition a cylindrical 1 in. by
1 in. BaF2, mounted on a 2 in. PMT R2059, was placed as close as
possible to the 252Cf source for detection of γ rays, which provided
a time reference for the TOF measurements. A time-to-amplitude
(TAC) module was used to measure the time difference between
the two detectors, using the coincidence signal (leading edge
defined by the BC501A detector) as start and a delayed signal
from the BaF2 detector as stop. The threshold of the constant
fraction discriminator (CFD) was set to approximately 30 keVee
(keV electron equivalent). The counting rate of the BaF2 detector
was 200 kHz and the coincidence rate was 200 Hz. Signals from
both detectors were digitised with a Struck SIS3350 digitiser [34]
working at a 500 MHz sampling rate and with 12-bit resolution
(effective number of bits ¼9.2). The analogue TAC and coincidence
signals were also digitised by a Struck SIS3302 digitiser [35] with
100 MHz sampling rate and 16-bit resolution (effective number of
bits E13). The data acquisition system was triggered by the
coincidence signals [36]. In this study, the digital signals from
the BC501A detector, together with the TOF information, were
used for n–γ discrimination. For each PMT, a total of 100,000 pulse
events were analysed in the present work. The total numbers of
recorded sampling points were 496 and 488 for SIS3350 and
SIS3302, respectively. The baseline shift was removed for each
pulse by subtracting the average value of 70 sampling points in the
pre-trigger range of the digitised waveform. A small amount of
distorted pulses (o1% of the total), with heavily fluctuating baselines,
were discarded.

3. Results and discussion

3.1. Digital CFD and average waveforms

Since the dynamic range of the scintillator pulse amplitude is
quite large, a leading edge discriminator would cause a depen-
dence of the trigger time on the pulse amplitude, an effect called
time walk [1]. A CFD has been implemented digitally to generate,
for each signal, a fixed time after the leading edge of the pulse has
reached a constant fraction of the pulse amplitude [28]. The
process involves taking the sum of the original signal attenuated
to 20% and the delayed and inverted original signal, followed by
extracting the point where this sum signal crosses the zero axis.

Table 1
The characteristics of the studied PMTs.

PMT ET9390kb R11833-100 XP4512 R4144

Manufacturer ET Enterprises Hamamatsu Philips/Photonis Hamamatsu
Photocathode material Bialkali Superbialkali Bialkali Bialkali
Photocathode diameter (in.) 5 5 5 5
Quantum efficiency (%) 28 35 24 22
Number of dynode stages 10 8 10 8
Anode pulse rise time (ns)a 5 4.3 2.5 1.5
Voltage divider C636 E6316-01MOD2 VD123K (active) E7693MOD2

a The given values are taken from the datasheets provided by the manufacturers. The anode pulse rise times of the PMTs measured in our experiment are considerably
larger than these values, mainly because the PMTs are coupled to a large scintillator [28].
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This point corresponds to the time at which the original pulse
reaches 20% of its final amplitude. This timing reference, which is
independent of the peak height, has been used in the n–γ
discrimination to accurately determine the integration ranges for
each signal. The average waveforms, time-aligned using the digital
CFD, for each PMT are shown in Fig. 2. It can be seen that each
pulse was triggered at the same time in spite of the different pulse
shapes. An obvious slowing down of the pulse measured with
ET9390kb was observed, as ET9390kb is a slow PMT for spectro-
scopy while R11833-100, XP4512 and R4144 are faster. For the
pulse measured with R11833-100, a slight increase in signal size at
around 90 ns may be due to a non-optimal design of the voltage
divider with respect to impedance matching for this tube.

3.2. Photoelectron yield

The photoelectron yield is of great importance for n–γ dis-
crimination, as the quality of the discrimination is affected by the
statistical fluctuation of the number of photoelectrons (Nphe) in
the slow component of the scintillation pulse. The Nphe depends
on the number of photons per MeV, light collection from the
scintillator, and the quantum efficiency of the photocathode. The
Nphe per energy unit was measured by comparing the position
of the peak corresponding to a single photoelectron to the position
of the Compton edge of γ-ray emitted by a 137Cs source [37]. The
results of the Nphe measurement for the four PMTs are shown in
Table 2. The Nphe per MeV values are relatively low, because the
photoelectron yield of large volume scintillators is reduced due to
light attenuation inside the scintillator [38].

3.3. Energy calibration

The energy calibrations were carried out using four γ-ray
sources: 241Am, 22Na, 137Cs and 60Co as listed in Table 3.

Firstly, we got the channel numbers corresponding to energies of
the Compton edge or full photon energies of the different γ-ray
sources from the measured energy spectra. For our detector, the actual
Compton energy value corresponds to around 90% of the peak height
on the right side of the Compton distribution according to the
simulations performed with Geant4 [26]. The simulations also predict
a complete absorption of the 59.5 keV γ rays from 241Am. Moreover, it
should be noted that the average energy of the Compton edges was

Fig. 1. Block scheme of the experimental arrangement.

Fig. 2. Average waveforms for PMTs ET9390kb, R11833-100, XP4512, and R4144
(100,000 pulses for each PMT) time-aligned using a digital CFD algorithm.

Table 2
Number of photoelectrons per γ-ray energy deposi-
tion for the four different PMTs.

PMT Nphe/MeV

ET9390kb 1800790
R11833-100 20707100
XP4512 1350770
R4144 950760
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used for the 60Co source. As shown in Fig. 3, a linear fit was
subsequently made of the measured channel numbers versus the
electron equivalent energies in keVee for each PMT. These energy
calibration results have been used in the digital n–γ discrimination
discussed in Section 3.4. Note that the energy mentioned throughout
this paper refers to amount of light induced by interactions of
neutrons and γ-rays and strictly corresponds only to γ-ray energies,
as neutrons produce less light in keVee than their energy in keV.

3.4. Digital n–γ discrimination

In this section, two conventional pulse-shape discrimination meth-
ods, the CC method and the integrated rise-time (IRT) method, have
been implemented digitally to discriminate neutrons from γ rays. They
are based on the principle that the fraction of light that appears in the
slow component of the light yield of the liquid scintillators depends on
the type of incident particle. In order to quantify the n–γ discrimina-
tion performances of the four PMTs, a parameter named figure-of-
merit (FOM) was used to evaluate the results of these two pulse-shape
discriminationmethods in Sections 3.4.1 and 3.4.2. The FOM is defined
as [1]

FOM¼ S
FWHMnþFWHMγ

ð1Þ

where S is the distance between the neutron and γ-ray peaks in the
distribution spectrum of the discrimination parameter, and FWHMn

and FWHMγ are their full width at half maximum values. A larger
value of FOM normally indicates a better performance of the n–γ
discrimination. However, it should be noted that the FOM measures,
the degree of separation that can be achieved between different types
of event distributions and does not take into account any misidenti-
fication cases. This means that in some extreme situations, even a poor
n–γ discriminationwith a high misidentification rate could still have a
fairly large FOM value, though this is unlikely to happen as long as the
pulse-shape discrimination method has been implemented properly.
For example, the misidentification due to pile-up effects is quite
common when the count rate is very high, while the two peaks of
the distribution spectrum of the discimination parameter are well
seperated, resulting in a large FOM. Therefore, in Section 3.4.3 we have
included TOF information to further verify the validities of both the CC
method and the IRT method used in this work.

3.4.1. Pulse-shape discrimination by the CC method
The CC method identifies the particle by measuring the

integrated charge over two different time regions of the pulse
induced by a neutron or γ-ray event. The long integral (total
charge) starts from the beginning of the pulse (8 ns before the CFD
trigger point) to an optimised end point in the tail, while the short
integral corresponding to the slow component is taken from an
optimised start point after the pulse peak to the same end point as
used for the long integral. The optimal start point of the short
integral (ts) and the end point of both the short and long integrals
(te) were determined carefully by performing a maximisation of
FOM value when leaving both ts and te as free variables. Fig. 4
presents a three-dimensional plot of this process of optimising ts
and te using the CC method for PMT ET9390kb at 320720 keVee
as an example. The optimal values of ts and te were set to 90 ns and
300 ns respectively. For te, the FOM did not improve for larger
values than 300 ns. The value of te was kept constant at 300 ns in
all cases to ensure as short time interval as possible for minimising
pile-up effects. This is reasonable as the intensity of the slow
component of the light pulse is quite low beyond 300 ns [39].

Table 3
Properties of the γ-ray sources used for calibration of the BC501A detector.

Source γ-ray energy (keV) Compton edge (keV)

241Am 59.5 –
22Na 511 341
137Cs 662 478
60Co 1253a 1041
22Na 1275 1062

a The value is the average of 1332 and 1173 keV.

Fig. 3. Energy calibration plots for the four PMTs.
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Fig. 5 shows comparison of two-dimensional density plots of
short integral versus long integral of each pulse measured with
PMT ET9390kb, R11833-100, XP4512 and R4144 using an energy
threshold of 100 keVee. It can be observed that even with such a
large scintillator an effective separation between neutron and
γ-ray events has been accomplished down to 100 keVee for each
PMT. Since the relative intensity of the slow component of the
pulse arising from neutrons (recoil protons) is larger than that of γ
rays (electrons), the events located in the upper distribution in
Fig. 5 are identified as neutrons while the lower distribution
corresponds to γ rays according to the CC method.

Furthermore, we evaluated the n–γ discrimination perfor-
mance as a function of energy by employing different energy
windows between 50 keVee and 1000 keVee in order to get a
more quantitative comparison of the discrimination capability.
Fig. 6 presents the n–γ discrimination spectra, which are the

distributions of the ratios of short to long integrals being mea-
sured at 320720 keVee for the different PMTs. Gaussian functions
were used to fit the distributions with the curve fitting tool
available in MATLAB [40]. The FOM values were then extracted
from these Gaussian fits for all the PMTs by applying Eq. (1). The
optimal ts and the extracted FOMs are shown in the legends of
Fig. 6.

Additionally, the FOMs in different energy regions ranging from
50 keVee to 1000 keVee for all PMTs have been obtained in the
way as shown in Fig. 6. Comparison of the measured FOMs of the
CC method for each tested PMT is shown in Fig. 7. As seen in Fig.7,
the FOM values rise gradually with increasing energy as expected
for all PMTs. ET9390kb and R11833-100 generally perform best in
terms of n–γ discrimination with only slight difference in FOM
values. The PMT XP4512 is slightly worse than R11833-100 and
ET9390kb, while R4144 gives considerably lower FOMs compared
to other PMTs, indicating its poorest n–γ discrimination capability.
This trend of FOMs for different PMTs qualitatively agrees with the
measured number of photoelectrons per MeV (Table 2). The error
of FOM was calculated based on Eq. (1) by propagating the errors
of the parameters derived from the non-linear iterative curve fit.

3.4.2. Pulse-shape discrimination by the IRT method
The IRT method can be seen as a digital implementation of

the analogue Zero-Crossover (ZCO) method since the integrated
rise time can be evaluated directly by digital signal processing
rather than first shaping it to extract the ZCO time. The rise
time, defined here as the time difference between the point
when the integrated pulse crosses a lower fraction and an upper
fraction of its maximal amplitude, is used as a parameter to
distinguish neutrons from gamma rays. The optimisation of
lower and upper points was performed in the same way as for

Fig. 4. FOM values measured for PMT ET9390kb at 320720 keVee as a function of
ts and te used in the CC method.

Fig. 5. Density plots of short integral versus long integral of each pulse measured with PMT ET9390kb, R11833-100, XP4512 and R4144 with an energy threshold of
100 keVee.
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the CC method as illustrated in Fig. 4. The optimal values of
lower and upper points for PMT ET9390kb, R11833-100, XP4512
and R4144 were found to be 10–92%, 11–86%, 10–84% and 12–
87% respectively. The principle of the IRT method is that the
integrated rise time of the neutron-induced pulse is longer than
that of the γ-ray induced pulse.

Conventionally, the performance of an n–γ discrimination method
can be assessed qualitatively by plotting the amplitude of a given pulse
against its discrimination parameter [7–9,18,19,41]. Fig. 8 presents
comparison of two-dimensional density plots of amplitude against the
integrated rise time of each pulse measured with PMT ET9390kb,
R11833-100, XP4512 and R4144 using an energy threshold of
100 keVee. In each plot of Fig. 8, the events on the right hand were
identified as neutrons and the left groups of events were regarded as
γ rays.

Like the CCmethod, the n–γ discrimination quality was assessed as
a function of energy for each PMT. Fig. 9 presents the n–γ discrimina-
tion spectra which are the projections of the integrated rise time being
measured at 320720 keVee for the different PMTs. As seen in Fig. 9,
the FOMs for each PMT have been extracted with Gaussian fits of the
two peaks of the distribution curve corresponding to the γ-ray and
neutron events.

Fig. 10 presents a quantitative comparison of the IRT discrimination
performance of each PMT in terms of FOM in different energy regions
between 50 keVee and 1000 keVee. It can be observed that the trend
of FOMs of the IRT method for different PMTs is basically consistent
with that of the CC method. Nevertheless, the FOMs of IRT method for
R11833-100 are slightly higher than those for ET9390kb, while in the
CC method ET9390kb is a little better regarding FOM values. Since
these differences are insignificant when taking into account the error
of the FOM values, it can be safely concluded that R11833-100 and
ET9390kb have the best capabilities of n–γ discrimination. In general,
the IRT method performs slightly better than the CC method over
most of the energy range for all PMTs, with the FOM values on average
about 7%, 4%, 3% and 6% higher for PMT R11833-100, ET9390kb,
XP4512 and R4144, respectively. This is probably because the IRT
method can cancel out part of the high-frequency noise present in the
signal by integrating the pulse. Yet at the same time, it should be noted
that the FOMs of different PMTs under 100 keVee are quite similar, all
suggesting deterioration in n–γ discrimination performance at low
energy. This results from the fact that the signal-to-noise ratio of the
low energy signals is quite low due to the scintillation statistics and
due to the electronic noise and the quantisation effects of the digitiser,
which is a fundamental limitation for any discrimination method [42].

3.4.3. TOF verification of n–γ discrimination
Neutrons and γ rays can often be distinguished with a high

accuracy by measuring their TOF between the emission point and
the detector. Thus, the TOF parameter was used here combined with
both the CC method and the IRT method to evaluate their discrimina-
tion quality on a qualitative basis. Fig. 11 presents the TOF distribution
of the pulses measured with PMT XP4512. Density plots of the n–γ
discrimination parameter of the CC method and the IRT method
versus the TOF measured with the PMT XP4512 are shown in Figs. 12
and 13 respectively. Two distinct clusters of events are clearly visible as
areas of higher density centred at TOF values of �0 and �0.38, which
correspond to γ rays and neutrons respectively. This indicates that the
n–γ discrimination results of both the CC method and the IRT method
are similar to that of TOF measurement, which has demonstrated
qualitatively the correctness of our implementation of these two
methods in Sections 3.4.1 and 3.4.2.

Fig. 6. Neutron–γ discrimination spectra with fitted Gaussian distributions at 320720 keVee using the CC method for PMT ET9390kb, R11833-100, XP4512 and R4144.

Fig. 7. FOM values of the CC method for PMT ET9390kb, R11833-100, XP4512, and
R4144 as a function of energy window (the widths of the windows are 10, 40, and
100 keVee in energy regions of 50–100, 100–500 and 500–1000 keVee, respectively).
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However, there are some other events located elsewhere in
Figs. 12 and 13, most of which are random and pile-up events. In
Fig. 13, for instance, random events are mainly distributed parallel
to the TOF axis. The TOF method failed to classify these events
because TOF measurements require a time reference that is
unavailable for them, whereas the IRT method can discriminate
them based on the pulse shape. Moreover, the region with an
integrated rise time larger than E20 ns and TOF of about 0 mostly
contains pile-up events, because they tend to have longer inte-
grated rise time, which results in the discrepancy between the n–γ
discrimination results of the TOF method and the IRT method. The
reason for the invalidation of the IRT method in discriminating

these events is that the original pulse shape has to some extent
been distorted by pile up. Therefore, it is suggested that if available
in a real experiment, pulse-shape discrimination and TOF mea-
surement should complement each other to acquire relatively pure
neutrons or γ rays.

4. Summary and conclusions

In summary, a comparative study was made with four different
PMTs (ET9390kb, R11833-100, XP4512 and R4144) with a diameter of
5 in. regarding the n–γ discrimination performances when coupled to

Fig. 8. Density plots of amplitude versus the integrated rise time of each pulse measured with PMT ET9390kb, R11833-100, XP4512 and R4144 with an energy threshold of
100 keVee.

Fig. 9. Neutron–γ discrimination spectra with fitted Gaussian distributions at 320720 keVee using the IRT method for PMT ET9390kb, R11833-100, XP4512 and R4144.
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the same liquid scintillator detector, with a size of 5 in. in diameter and
5 in. in depth. The analysed waveforms were acquired with an
experimental set-up that comprised a 252Cf source, a BC-501A detector
and a SIS3530 digitiser with a sampling rate of 500 MHz and with 12-
bit resolution. Firstly, the average waveforms as well as the photo-
electron yield were measured and an energy calibration was made for
each PMT. Secondly, both the CC method and the IRT method were
implemented digitally to discriminate neutrons from γ rays. The FOM
parameters were evaluated as a function of energy to quantitatively
compare the n–γ discrimination properties of the four PMTs. Finally,
the n–γ discrimination results were verified by combining the TOF
measurement with both the CC method and the IRT method. The
results suggest that an effective n–γ discrimination can be achieved
down to 100 keVee by all four PMTs. In general, PMT R11833-100 and
ET9390kb have the best n–γ discrimination capabilities with only

slight difference in FOM values between them. The surprising result
that the slow PMT ET9390kb can accomplish the n–γ discrimination
as well as the fast PMT R11833-100 is likely because the timing
property of ET9390kb is sufficiently good for n–γ discrimination.
Therefore, the results are more associated with their relatively higher
photoelectron yield per energy unit, which indicates that a scintillator
detector coupled to a PMT with higher photoelectron yield can result
in better n–γ discrimination performance.

The results of the presented measurement of the pulse-shape
discrimination performance of the four PMTs as well as other
factors, such as time-resolution and cost, will all be taken into
consideration when determining the best PMT to be used for
NEDA. Furthermore, the conclusion concerning the n–γ discrimi-
nation performances of different PMTs can also provide reference
for other modern multi-detector experiments where PMTs are
needed to be coupled to scintillators.
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