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a b s t r a c t

In this work, we evaluated the neutron-gamma discrimination capability of EJ301 and EJ339A liquid scin-
tillation detectors via the pulse shape discrimination (PSD) method. Both simulation and experimental
results are reported. The Geant4 simulation toolkit was used to model the scintillation process inside
the scintillator, for neutron and gamma events, respectively. For the experiments, a high-speed digitizer
was used to acquire data, which was then processed in MATLAB. This work compared the PSD perfor-
mance of two liquid scintillation detectors and demonstrated the capability of Geant4 with regard to sim-
ulation of pulse shape.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Liquid scintillation detectors are widely used in measurements
of both neutrons and gamma rays because of their sensitivity to
both radiations (Colonna et al., 1996; Tilquin et al., 1995; Wolski
et al., 1995; Klein and Neumann, 2002). Therefore, their capability
of pulse shape discrimination (PSD) is a crucial feature to distin-
guish between neutron and gamma events.

In most scintillators, the scintillation production shows a time
response described by a superposition of several exponential decay
components with different decay time constants instead of a sim-
ple exponential decay. This is described in the following equation:

f ¼ Ae�t=sf þ Be�t=ss ð1Þ

where f stands for the light yield, sf is the decay constant of fast
component and ss is the decay constant of slow component.

According to the Birk’s Law, the light yield per path length is not
linear at high loss rates (heavy charged particles). The loss of line-
arity is due to the recombination and quenching effects between
the excited molecules and the surrounding substrate. (Birks,
1964). However, quenching does not significantly affect the slow
florescence component. This means that although heavy particle
interaction gives rise to a relatively larger slow component than
an electron interaction, the total number of photoelectrons are
not necessarily larger for the particle (Söderström, 2009). Thus,
the fraction of light that appears in the slow component is larger
for heavier charged particles, which results in pulses produced

by heavier charged particles, such as protons and alphas having
larger tails than those caused by lighter particles, i.e., electrons. It
serves as the basis of the PSD method aiming to distinguish pulses
induced by different types of particles.

The PSD technique has been widely used for various applica-
tions over the past decade (Yamazaki et al., 2011; Ranucci et al.,
1998). Recently, it has drawn great interest in the areas of nuclear
nonproliferation and homeland security (Enqvist et al., 2008). Var-
ious techniques and algorithms to accurately distinguish between
desired neutron signal and undesired gamma background have
been developed and evaluated (Esmaeili-sani et al., 2012; Flaska
and Pozzi, 2007). Currently, common PSD techniques used with
the liquid scintillation detector utilize one of the following three
analog algorithms (Ranucci, 1995):

(1) Rise-time inspection.
(2) The zero-crossing method.
(3) Charge comparison.

In this paper, we present a study on the PSD feature of two
liquid scintillation detectors, EJ301 and EJ339A, using both
Monte-Carlo simulations and experiments.

2. Geant4 simulation

2.1. Optical process simulation setup

The Geant4 toolkit package is a good tool to study the PSD
performance of a detector (Agostinelli et al., 2003). In order to
obtain the pulse shape information after interaction between
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the incident radiation and the scintillator, the optical scintillation
process has to be integrated into the simulation. In Geant4, there
is no smooth transition between optical photons and gamma par-
ticle classes. Thus, a separate physics process for optical photons
has to be specified, which describes the scintillation process in
the detector set-up. A separate class named G4OpticalPhoton
was used to model the production and transport of optical
photons.

In the DetectorConstruction class, scintillation features need to
be defined according to the properties of the particular scintilla-
tion material, such as emission spectrum, light output, and num-
ber of photons generated per 1 MeV of electron energy
deposition. These properties of EJ301 and EJ339A are respectively
shown in Table 1 and Fig. 1 (EJ-339 data sheet; EJ-301 data
sheet). Furthermore, since the simulation includes the scintilla-
tion process caused by heavily charged particles, the quenching
effect is added according to Birk’s Law. In Geant4, Birk’s Law
was implemented by adding G4EmSaturation into the PhysicsList
class and setting Birk’s constant in the DetectorConstruction class.
EJ301 is identical to NE213, a xylene-based liquid scintillator
manufactured by Nuclear Enterprises, Ltd., Winnepeg, Canada.
The Birk’s constant is reported by R. L. Craun and D. L. Smith
(Craun and Smith, 1970). The Birk’s constant of EJ339A is found
in Back et al. (2008).

Moreover, as described in the introduction, the fraction of light
that appears in the slow component differs for different particles
and serve as the basis of PSD. Therefore, this feature has to be spec-
ified in the simulation. In Geant4, the method SetScintillationExci-
tationRatio can be called for each scintillation process to specify
the relative strength of the fast component as a fraction of total
scintillation yield. Before doing this, the value of variable scintillat-
ionByParticleType is set to be true so that the scintillation process
can be defined for each particle type. The values of excitation ratios
are estimated by Ranucci et al. (1998).

In order to obtain the pulse shape information through the sim-
ulation, the time response of the scintillation process is required.
This is achieved by writing the time when each optical photon is
collected by the cathode of a photomultiplier tube (set to be a sen-
sitive detector in Geant4) to an output file. EventID and ParentID,
which are built-in parameters available in the Geant4, are also re-
corded to distinguish the optical photons generated by different
incident particles.

2.2. PSD algorithm

As mentioned in the introduction, the tails of the pulses for hea-
vier particles are stronger than those for lighter particles. Since
neutron scattering pulses are actually generated by recoil protons,
they have larger tails than gamma pulses. Charge comparison is a
used PSD algorithm. In this algorithm, each pulse is integrated
via two separate routes. The first integration, A1, called the total
integral, is from the beginning to an optimized end point of the tail.
The second integral, A2, taken from a certain starting position on
the tail after the pulse’s maximum to the same end point as used
for the total integral, is called the tail integral. The ratio of the rail
integral to the total integral, R, is used to distinguish events result-
ing from different particles (Ranucci, 1995) (Fig. 2). In our work, we
chose this charge comparison algorithm as the main algorithm to
use when inspecting the PSD feature.

2.3. Pulse imitation and simulation results

In the simulation for each detector, a mono-energetic gamma
ray beam with energy of 662 keV and a mono-energetic neutron
beam with energy of 4 MeV are utilized. The time response of
the scintillation light yield can be estimated by taking a histogram
of the arrival times of optical photons that reached the cathode of
the PMT. However this histogram is not a good representation of
the real pulse shape since the effect of PMT is neglected. To imitate
the real pulse shape, we convolve the time response of the scintil-
lation light yield and the single-electron time response
(Söderström et al., 2008). The single-electron response can be de-
scribed mathematically as:

V ¼ t
s

e�
t
s ð2Þ

where s is the rise time of the PMT (Choong, 2009). Fig. 3 illustrates
the single-electron response of the two PMTs coupled on EJ339A
and EJ301. The rise time of ETEL-9390 KB (EJ339A) is 13 ns, and
the rise time of RCA-8575 (EJ301) is 2.1 ns, which are reported
respectively in their datasheets.

After obtaining the pulse shape, the tail integral and total inte-
gral are then calculated as discussed in Section 2.2. For EJ339A, the
tail integral starts 55 ns after the point whose amplitude is half of
the maximum at the first edge, and the total integral is calculated
from the beginning to 100 ns. For EJ301, the tail integral starts
15 ns after the point whose amplitude is half of the maximum at
the first edge, and the total integral is calculated in the same
way. Different starting point are used for EJ301 and EJ339A be-
cause the pulse width are different due to different PMTs and dif-
ferent decay constants. The tail-to-total ratio are then calculated.
The tail integral versus total integral plots of EJ339A and EJ301
pulses are shown in Fig. 4. Additionally, distributions of the tail-
to-total ratio are produced for the two detectors (see Fig. 5). As
shown in the results, obvious separation between neutron pulses
and gammas pulses can be observed in both figures as expected.
Thus, simulation results indicate good PSD capability of both

Table 1
Major properties of EJ339A and EJ301.

Detector EJ339A EJ301

Light output 65% 78%
No. of blue photons per electron (MeV) 10,000 12,000
Decay, fast component (Time/ns) 3.7 3.2
Decay, slow component (Time/ns) 20 32.3
Density, g/cc (20 �C) 0.92 0.874
Scintillation liquid Trimethylbenzene Xylene
Birk’s constant (mm/MeV) 0.102 0.143

Fig. 1. EJ-339A and EJ-301 emission spectrums.
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