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a b s t r a c t

Using a fast digitizer, the neutron–gamma discrimination capability of the new liquid scintillator EJ-309

is compared with that obtained using standard EJ-301. Moreover the capability of both the scintillation

detectors to identify a weak neutron source in a high gamma-ray background is demonstrated. The

probability of neutron detection is PD¼95% at 95% confidence level for a gamma-ray background

corresponding to a dose rate of 100 mSv/h.

& 2012 Elsevier B.V. All rights reserved.

1. Introduction

Organic liquid scintillators are commonly employed for fast
neutron detection thanks to their pulse shape discrimination
(PSD) capability used to separate neutrons from the gamma-ray
component of the radiation field (see for example [1]). Being the
liquid scintillator a standard tool in basic research [2], such
detectors have found a rather marginal use in Homeland Security
applications since many operational contexts prohibit these
liquids because of their toxicity and flammability. Moreover
liquid scintillators detect neutron above a low energy threshold
(usually few hundred keV) and exhibit a good gamma-ray
efficiency so that such detectors are normally characterized by a
modest gamma-ray rejection capability, a property that is
required to identify weak neutron source in a strong gamma-ray
background [3].

However, it has been recently pointed out that selecting the
fast neutron energy region in the total neutron spectrum opti-
mizes the signal-to-background ratio thus improving the detec-
tion of weak neutron sources [4]. New liquid scintillation
materials have become recently available as the EJ-309 type [5],
from Eljen Technology, which is characterized by low toxicity and
high flash point (144 1C) compared to the more traditional EJ-301
(flash point 26 1C) which is equivalent to the well known NE-213.

The EJ-309 scintillator has been employed in pure and applied
research works confirming a PSD capability well suited to perform

neutron spectroscopy [6,7]. Moreover the gamma rejection
capability of the EJ-309 was the subject of a recent study [8].

In this work we will study the possible application of liquid
scintillator detectors in the field of Homeland Security with respect
to neutron detection in an intense gamma-ray background.

2. Experimental details

The detectors studied in this work consist of 2 in.�2 in. liquid
scintillator cells coupled to an H1949-51 HAMAMATSU photo-
multiplier (PMT) through an EJ-560 silicon rubber interface.

The PMT anode signals were directly fed into a CAEN V1720
12 bit 250 MS/s Digitizer. The PMTs are operated at relatively low
voltage (HV¼1600 V), to avoid saturation effects in digitizing the
pulses. Inside the V1720 card, Digital Pulse Processing (DPP)
algorithms are implemented using FPGA, providing on-line for
each event (a) a time stamp, (b) a complete integration of the
signal, (c) a partial integration of the signal used for PSD and (d)
the possibility of storing a selected part of the digitized signal.
Consequently, in the V1720 card some parameters need to be
tuned in order to optimize the PSD, once the ‘‘Long Gate’’ (i.e. the
number of FADC bins used in the total pulse integration) is
properly set. Such parameters are the ‘‘Short Gate’’ (i.e. the
number of FADC bins used in the integration of the fast part of
the pulse), the ‘‘Pre-Gate’’ (establishing the point before the
crossing of the low energy threshold from which the integration
is started) and the ‘‘Baseline Threshold’’ (i.e. the number of points
used for the definition of the baseline level). In our experimental
set-up the PSD parameter is then computed on-line as
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PSD¼(Long Gate Integration�Short Gate Integration)/Long
Gate Integration.

In order to characterize the neutron–gamma discrimination
capability we used the Figure of Merit (FoM) obtained by analyzing
the PSD distribution from a 252Cf source. It is defined as
FoM¼S/(GeþGp) where S is the difference between the two
centroids of the neutron and gamma peaks and (GeþGp) is the
sum of the gamma and neutron full widths at half maximum
[FWHM] [9]. The optimization of the DPP parameters has been
performed empirically by maximizing the FoM corresponding to
different sets of the DPP parameters. It is found that the optimized
DPP parameters for the EJ-301 and EJ-309 detectors are identical:
70 and 17 bins for the Long and Short Gates, respectively, 10 bins
for the Pre-gate and 4 bins for the Baseline Threshold (each bin is
4 ns wide). With the above parameters, each pulse is characterized
by 70 samples and the V1720 Digitizers handles count rate up
about 100 kHz without dead time.

Finally, the energy calibration of the scintillation light was
established by using the procedure described in [10] based on the
fit of the experimental pulse shape distribution by using the
theoretical Compton scattering distribution with an empirical
spreading width to account for the finite detector resolution.
Samples of those spectra for a 22Na radioactive source are reported
in Fig. 1.

It is immediately evident from Fig. 1 that the spectra measured
with the two scintillators are very similar. The calibration
procedure allows one to obtain an estimate of the detector pulse
height resolution by determining the spreading width s needed

to reproduce the Compton Edge structures (for more details see
[10]). The energy resolution is defined as s/L where L is the
energy value of the Compton Edge. The energy resolution derived
in this case for the two liquid scintillators is s/L¼6.0% for the
Compton Edge of the 1275 keV gamma-ray (s/L¼8.2% for the
Compton Edge of the 511 keV gamma-ray). This figure is slightly
better with respect to those reported in [10] for a 2 in.�2 in.
EJ-228 plastic scintillator processed with standard NIM electronics.

Finally, the low energy detection threshold, as determined
from the spectra in Fig. 1, results to be about 60 keV.

3. Pulse shape discrimination

The response of the different scintillators was studied using a
weak 252Cf source (0.7�104 neutron/s) placed at about 15 cm
from the detector front face. Typical PSD versus energy scatter
plots are shown in Fig. 2. In this representation the neutron and
gamma regions can be separated by a cut at PSD¼0.09 for the
EJ-301 and PSD¼0.16 for the EJ-309 for energies larger than 300 keV.

A number of PSD spectra have been produced by varying the
low energy threshold and analyzed. Extracted FoM values are
reported in Fig. 3 for the two detectors explored in this work as a
function of the low energy threshold.

It is seen from Fig. 3 that the FoM increases, improving the
discrimination, with the low energy threshold reaching values
FoM41.5 for thresholds of about 300 keV. This threshold value
corresponds to about 1.5 MeV in proton energy by using the

Fig. 1. Calibrated 22Na pulse height distribution for the detectors studied in this

work: EJ-301 full line, EJ-309 dashed line.

Fig. 2. Scatter plot PSD versus energy of a 252Cf source measured with the EJ-301 detector (left) and EJ-309 (right).

Fig. 3. Figure-of-Merit parameter (FoM) as a function of the low energy threshold

for the detectors studied in this work. EJ-301 detected as squares and EJ-309 as

triangles. The statistical uncertainties are within the point size.
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