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Abstract—Using the waveforms from a digital electronic sys-
tem, an offline analysis technique on pulse shape discrimination
(PSD) has been developed to improve the neutron-gamma sep-
aration in a bar-shaped NE-213 scintillator that couples to a
photomultiplier tube (PMT) at each end. The new improved
method, called the “valued-assigned PSD” (VPSD), assigns a
normalized fitting residual to every waveform as the PSD value.
This procedure then facilitates the incorporation of longitudinal
position dependence of the scintillator, which further enhances
the PSD capability of the detector system. In this paper, we use
radiation emitted from an AmBe neutron source to demonstrate
that the resulting neutron-gamma identification has been much
improved when compared to the traditional technique that uses
the geometric mean of light outputs from both PMTs. The new
method has also been modified and applied to a recent experiment
at the National Superconducting Cyclotron Laboratory (NSCL)
that uses an analog electronic system.

Index Terms—pulse shape discrimination, neutron-gamma dis-
crimination, neutron detection, NE-213

I. INTRODUCTION

Detector arrays composed of multiple long bar-shaped or
cylindrical scintillators dedicated for fast neutron detection
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are increasingly common in the experimental studies of nu-
clear physics [1]-[15]. Emissions of neutrons are typically
accompanied by other types of radiation including gamma rays
and charged particles, most of which have larger interaction
cross sections with the scintillation material than the neutrons.
To discriminate charged particles, one can place a charged-
particle veto wall in front of the neutron detector [14] or
apply an external magnetic field to deflect the charged particles
[16], [17] away from the neutron detectors. To distinguish
neutrons and gamma rays with pulse shape discrimination
(PSD), organic scintillators are commonly used, e.g. NE-
213/BC-501/EJ-301 in [1]-[4], EJ-276 in [5] and EJ-299 in
[6]. PSD utilizes the difference in the “slow” component
of scintillation signal which depends on the particle type to
distinguish neutrons and gamma rays [18], [19]. PSD can only
be omitted in the experimental studies when the yields of
gamma rays and cosmic rays relative to the neutron yield are
insignificant and can be treated as subtractable background
[20], allowing the use of plastic scintillators like BC-408/EJ-
200 that offers no PSD capability [7]-[14].

In recent years, there have been many efforts to develop
new scintillation materials that have better PSD characteristics
[21]-[26]. Construction of a large area (e.g. 2 mx 2 m) neutron
detector with the new materials is currently out of reach mainly
due to cost. On the other hand, with the advancement of digital
electronics, storage of the digitized waveforms facilitates the
exploration of better and innovative analysis techniques, push-
ing the limits of PSD of both old and new detectors [27]-[33].
In this paper, we focus on analysis of digital waveforms of the
scintillation signals from large neutron walls. By analyzing
light signals digitized with a flash analog-to-digital converter
(FADC), we explore the gating conditions of the waveforms
and devise a modification to the PSD analysis procedure to
better distinguish neutrons and gamma rays. We develop the
procedure using a bar-shaped scintillator with a photomuliplier
tube (PMT) for light collection attached on each of the
two ends. However, the method should be applicable to any
PSD analysis involving two signals such as the traditional
“fast” (early component of the scintillation pulse) and “slow”
signals from analog electronics. The development of new PSD
techniques is particularly timely as the existing PSD methods
[1]-[5], [15] do not work well for long scintillation bars that
have significant attenuation effect. We will discuss this in
detail in Section III-B and Section III-C.
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II. EXPERIMENTAL SETUP

A 2 m x 2 m large area neutron wall (LANA) [1], [34]
consists of 25 independent detection units has been used as the
neutron detection system for heavy-ion collision (HIC) exper-
iments at the National Superconducting Cyclotron Laboratory
(NSCL). Each detection unit is called a “neutron wall (NW)
bar”, which stacks horizontally on top of one another with
an inter-bar gap of 0.3 cm. The NW bar is made up of a
200 cm long and 0.3 cm thick Pyrex glass container that is
filled with NE-213 organic liquid scintillator. Its rectangular
cross section has a vertical height of 7.62 cm and a depth of
6.35 cm. At the two ends of each NW bar, a 7.5 cm-diameter
Philips Photonics XP4312B/04 PMT is coupled to the Pyrex
glass for photon detection.

In a recent experiment, 7 out of 25 NW bars in a LANA
wall, namely, bars enumerated as 01, 02, 03, 10, 11, 12, 13,
have their signals split into two: (1) 90% of the pulse is
sent to the analog electronic system [34]; (2) the remaining
10% is sent to the digital electronic system described by
[13]. Ideally, the 10% signal should be amplified 10 times
to recover the original pulse. The NSCL Quad Fast Amps
used in the experiment have fixed gain that varies between
8 to 10 times across different channels. Unless otherwise
specified, the analysis results shown in this paper are drawn
from NW bar 01 for illustration. All NW bars show similar
results. Calibration of hit position on the NW bar is done
using cosmic muons [34], [35]. To develop an improved pulse
shape discrimination technique, we use AmBe as our primary
neutron source throughout the paper, except in Section III-F
where we analyze around half a million of neutrons and
gamma rays emitted from the nuclear collisions of **Ca+54Ni
with beam energy at 140 MeV /u have been processed with the
analog electronics. The AmBe source in use has an activity of
4.6 Ci. It was placed around 60 cm in front of the 2 m x 2 m
LANA wall and exposed for about two hours, resulting in a
total of ~ 4.22 x 10° events being recorded in NW bar 01,
48% of those later are identified as neutrons with the new PSD
technique we propose in this paper.

III. PULSE SHAPE DISCRIMINATION
A. Pre-processing of digitized waveforms

Each digitized pulse consists of 240 samples taken at a time
interval of 2 ns (500 MHz), each with a 12-bit analog-to-
digital converter (ADC). In our experiment, the detected pulses
have a rise time of about 4 ns, defined as the time difference
for the pulse rising from 10% to 90% of its peak. Hence the
choice of interpolation is critical if we wish to reliably infer
any pulse information between two consecutive samples in
order to determine the signal start time and charge integration.
Cubic spline interpolation is favored over linear interpolation
as it allows us to (1) reasonably reproduce any missing peak
of a pulse due to discrete sampling, while (2) avoiding the
Runge’s phenomenon that yields unrealistic oscillation in high-
order polynomial interpolation [36].

As will be demonstrated later in the section III-E, PSD using
cubic spline interpolation offers better n—y separation when
compared to linear interpolation. Similar improvement in time
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Fig. 1. The cumulative waveforms detected by the left PMT of NW bar 01
with radiations from the AmBe source classified according to Fig. 4. Only
hits on the closest 50 cm (a quarter of the entire detector bar) to the left PMT
have been included here. The shaded regions indicate the interquartile range
of normalized ADC. Curves have all been interpolated with cubic spline.

resolution has been reported [37]. In the remaining parts of
this paper, all characteristics of a pulse are drawn from its
cubic spline interpolation unless otherwise specified. To avoid
numerical issues in the subsequent analyses, the integer ADC
values are smeared by adding a random number between —0.5
and +0.5 to each ADC value.

B. Traditional method using geometric mean of the charge
signals

The n—y PSD is based on the pulse shape differences be-
tween neutrons and gamma rays. Fig. 1 shows the cumulative
neutron pulses (solid) and gamma pulses (dashed), where the
oscillating pattern at the tails is perhaps due to some cabling
issues, particularly the splitting of signals into analog and
digital electronic systems as well as amplification via the
Fast Amps to recover signal strength. All of the difference in
pulse shape only emerge after the peak. PSD is commonly
achieved by analyzing the difference between two charge-
integration gates over different time ranges [1]-[6], [38]-[42].
There exist several nomenclatures in the literature for these
two components. In this paper, they will be referred to as
“SHORT gate” (@)1) and “LONG gate” (Q)2) as illustrated in
Fig. 1. Mathematically, they are computed by integrating the
digital pulse within the gate, i.e.

stop
751,2

Q2= S(t) dt , (1)

G
where S(t) is the cubic spline interpolated waveform. Fig. 1
presents the optimal ranges of )1 and ()2 on pulses observed
in this work. Since the optimal constant time fraction differs
among different NW bars, the pulses have all been aligned
to the constant fraction timing of 20% instead of the optimal
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Fig. 2. Traditional PSD obtained by plotting Q?M Vs. QS;M. The two ridges
correspond to gamma rays and neutrons from the AmBe source.

one (e.g. 256% for NW bar 01) to facilitate comparison among
different NW bars; time resolution at constant fraction of 20%
differs less than 10 ps from the optimal one.

For a long scintillation detector, it is important to minimize
the position dependence of signals, which is typically accom-
plished by combining signals from both PMTs of one NW
bar. The traditional approach to utilize signals from two ends
is to take the geometric mean (GM) of light outputs from two
PMTs, QM = /QLQR, where Q" and QY are the light
outputs from the left side and the right side, respectively [1]-
[5], [15]. The GM signals may reduce position dependence that
is mainly caused by the attenuation of light in the scintillation
material. To see this, we denote A as the attenuation length
and /¢ as the total length of a neutron wall bar. Then the light
outputs detected by both PMTs on a NW bar would be given
by

{QL(J:) _ Qoe—(e/2+z)/>\ .

Q@) = Qoe 12

where () is the ideal light output assuming zero attenuation
and z is the distance from the center of NW bar to the position
of interaction; our convention sets the right PMT at z = ¢/2 =
+100 cm. By taking the geometric mean of Q" and QR, i.e.

QM = \/QLQR = Qe "™, 3)

we may recover the ideal light output Q)¢ up to a position-
independent factor of e~¢/*. To extract \, we notice

O

Hence, A can be determined from the slope of In(QY/QF) as
a function of x, and it is measured to be 90 cm [34].

In this paper, this PSD technique that uses the geometric
means of signals is referred as the “GM method”, and its
performance is shown in Fig. 2 which serves as a benchmark
for the development of an improved method.

TABLE I
FIT PARAMETERS OF (Q1—Q2 RELATIONS FOR NW BAR 01

x10~2 ag ai az
qTI; 3.90 +0.10 59.94 4+ 0.04 —0.040 £ 0.003
q,I; 12.35+0.08 84.42 4+ 0.03 —0.068 £+ 0.001
q,l?‘ 1.25 4+ 0.10 56.82 4+ 0.04 0.017 4+ 0.002
q,l;{ 6.58 + 0.08 80.67 4+ 0.02 —0.064 £+ 0.001

Fit parameters of Q1 = ¢(Q2) = ao + a1Q2 + a2Q3. The right
panel of Fig. 3 shows the fitted QQ1—-Q2 relations for the left PMT.
Relations for the right PMT are not shown, but they are calculated
in a similar fashion.

C. Value-assigned pulse shape discrimination (VPSD)

While the GM method can minimize the position depen-
dence, its construction averages out the individual performance
of both PMTs. To recover contributions from individual PMTs,
we plot a two-dimensional histogram of @)1/Q)2 ratios mea-
sured by the PMTs at both ends of NW bar 01 in the left panel
of Fig. 3. Visually, separation of neutrons from gamma rays
in the left panel of Fig. 3 is superior to that shown in Fig. 2.
Retaining information on individual PMT produces better PSD
than to construct the geometric mean quantities. This simple
plot of two-dimensional Q1 /@2 ratios obtained from PMTs at
both ends is in contrast with the common practice, where the
ratio QFM/QSM is being used [1], [2], [5], [15]. A similar
technique that uses the ()1 /@2 ratios was applied in [6] for a
much shorter bar (30 cm). The separation of n—y is comparable
to our work. However, the earlier work did not correct for
position dependence, which is essential for long scintillators.

To further improve the PSD and to accommodate the posi-
tion correction in the next subsection, we account for the slight
nonlinearity by fitting the two ridges corresponding to neutrons
and gamma rays in the right panel of Fig. 3. We find that
quadratic curves can reasonably model the ()1—Q)- relations of
neutrons and gamma rays over the range of interest. Selective
gates such as the dashed circles in the left panel can be applied
to ensure better fitting of the ridges in the right panel.

The fit parameters for NW bar 01 are presented in Table I.
Having found the quadratic functions for neutron (g,) and
gamma (g,), we may then assign a value for each pulse
according to

Q1 — ¢,(Q3)
¢ (Q5) — 4,(Q3)
for each side, ¢ = L, R. This quantity v shall be called the
“valued-assigned pulse shape discrimination” (VPSD). A two-
dimensional histogram of VPSDs for a NW bar is shown in
Fig. 4, in which the shapes of both clusters have become more
globular when compared to the left panel of Fig. 3 because
the quadratic fits have accounted for the nonlinearity in the

(Q1—Q2 relations. Compared to the GM method as shown in
Fig. 2, the PSD has improved drastically.

0;(Q1,Q2) = &)

D. Position dependence of VPSD

By not using the geometric mean of the signals, one would
expect VPSD to exhibit position dependence. In Fig. 5, the
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Fig. 3. Left: PSD observed in a two-dimensional histogram of Q1/Q2 ratios measured at both ends. Right: A two-dimensional histogram of (Q2, Q1) from
the left end of NW bar 01. The two solid curves in the right panel are quadratic fits on the points gated by the dashed circles on the left panel. Both are
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Fig. 4. Two-dimensional histogram of VPSDs from the same set of data in
Fig. 3, AmBe source. As expected from the definition of vy, r, the clusters
are centered near (—1, —1) and (0,0) for neutron and gamma, respectively.
The solid diagonal line can be used for simple n—y classification.

two-dimensional VPSD histogram is split into nine according
to their hit positions. Each section spans a length of ¢/9 =
22% cm of the bar. Counts are not evenly distributed across
all segments but instead are maximized around the center ones
because the AmBe source was centered along the longitudinal
direction of the NW bar. Nonetheless, this non-uniformity of
hit position statistics does not hinder a clear pattern from
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Fig. 5. Two-dimensional VPSD plots of the AmBe source radiations for
all nine segments of NW bar 01, with 1/9 represents the leftmost segment
and 9/9 represents the rightmost segment. The solid line represents the n—y
separation line, while the dashed line is the line perpendicular to the solid
line that pass through (—0.5, —0.5).

emerging: the closer the hits are to one of the PMTs (see
panel 1/9 and 9/9), the better the separation of both clusters
when projected to the vy -axis or vg-axis, respectively.

By observing how the separation of neutron and gamma
clusters evolves as a function of hit position = € [—¢/2, (/2]
in Fig. 5, we propose a separation line with an angle measured
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Fig. 6. PSD figure-of-merit as a function of hit positions from the AmBe
source radiations. Positioned-corrected VPSD (PPSD) significantly improves
the n—y discrimination especially close to the edge of a NW bar.

from the horizontal axis as

Hsep(m> g : (x—i_gm + 1) ) (6)

shown as the solid lines in Fig. 5. While the two-dimensional
VPSD histogram offers more details about the n—y clusters, it
is still convenient to quantify “neutron-ness” and “gamma-
ness” with a scalar value. This is done by projecting the
clusters onto the dashed lines in Fig. 5 that are defined
to be perpendicular to the solid separation lines; both lines
intercept at the midpoint between centroids of both clus-
ters, (—0.5, —0.5). Mathematically, we propose a PSD metric
named PPSD (position-corrected VPSD) that is defined as

VL €08 Oproj + VR SiN Oproj

PPSD(x, vy, vRr) = , (D

€05 Oproj + 5in Oproj

with the denominator serves to normalize the projected neutron
peak to be at PPSD = —1, and
T x+L/2
Oproj(2) = 5 7 - )
Having computed the PPSD values, we sort them into nine
one-dimensional histograms according to their hit positions,
and evaluate their respective figure-of-merits (FOMs) by fitting
double Gaussian distributions; FOM is defined as
T — 24

FOM = 9)

Wy, + Wsy
where x,, - is the peak position and w,, - is the corresponding
full-width half-maximum (FWHM). To compare the results
against the GM method, similar procedure is applied to the
VPSD values computed for data points in Fig. 2, i.e.

_ QM — g, (Q5Y)

p— . 10
UM = QS — 4, (QSY) (10
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Fig. 7. Surfaces of FOM as a function of common gate start and SHORT
gate stop with respect to t"°f (timing at 20%) are plotted; curves are contours.
Top panel: Cubic spline interpolation on the digitized waveforms yields an
optimal FOM of 0.91 (star marker), whereas the typical gate conditions in an
experiment (cross marker) that uses analog electronics measures at a FOM of
0.85. Bottom panel: Same as top panel but using linear interpolation. Data
from the AmBe source.

The results are summarized in Fig. 6, showing that the overall
FOM obtained using the PPSD (solid circles) is superior
to those calculated from the GM method (solid squares)
especially near the edge of the bar. Signals originating from
the far end tend to suffer from a significant reduction in signal-
to-noise ratio, and taking the geometric mean of signals from
both ends would mean an overall loss in PSD information.
Instead, it is better to take the linear combination of one-sided
PSD parameters, e.g. v, r (or even the less accurate charge-
integration ratio Q%’R / QIE’R), and assign with some position-
dependent weights as done in (7).

E. Gate optimization on digitized waveforms

In many analyses, both the LONG and the SHORT gates
include the pulse peak [13], [43], [44]. In this subsection,
we investigate the gate conditions that optimize the n—y
discrimination. We vary two gate timings: (1) the common
start time for both SHORT and LONG; (2) the stop time of
SHORT. The stop time for LONG is set to be the end of
the pulse. In other words, we fix #5118 = ¢5tart = ¢start apd
£57°P = 480 ns which is at the end of each digital sampling
cycle. For convenience, we also define a reference time gref
for each pulse at its 20% constant fraction timing.

To select the optimal charge-integration gate conditions,
we quantify the n—y separation for every pair of adjustable
parameters, namely, the common gate start and the SHORT
gate stop. This is done by first projecting all points in the
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Fig. 8. Experimental data on reaction 48Ca 464 Ni at 140 MeV /u using analog processed signals from NW bar 01 using the traditional GM method (left
panel) and using the PPSD method (right panel). Both inset figures are projections onto the perpendicular directions of the dashed separation lines.

two-dimensional histogram of (vr,vg) in Fig. 4 onto the
line connecting both centroids. Then FOM is evaluated by
fitting double Gaussian distribution to the one-dimensional
projection. The evaluations are done for both cubic spline in-
terpolated and linearly interpolated waveforms, as summarized
respectively in the top and bottom panels of Fig. 7. Cubic
spline interpolation not only yields a better maximum FOM
of 0.91 (star marker), but also offers an optimal gate condition
that is numerically more stable than that of linear interpolation.
The optimal FOM using cubic spline interpolation is attained
by a common gate start of #**f 4-12 ns and a SHORT gate stop
of t**f 428 ns. Note that the optimal common gate start is 7 ns
after the typical pulse peaks that occur at around #**f + 5 ns.
Since recovery of lost signal information is impossible in
analog electronics, caution is exercised in choosing gates. The
gates traditionally include the peak partly because light output
information is derived from the integrated charge in the LONG
pulse. In LANA experiments that use analog electronics,
tstart — gref 5 ng and 5%°P = ¢™°f 4 25 ns are chosen. This
choice is not optimal but it still yields a FOM of 0.85 (cross
marker) using cubic spline interpolation, being only 6.6% less
than the optimal FOM of 0.91. In other words, the optimal
gates which are difficult to achieve in analog electronics are
not the most critical factor in PSD performance as long as
sensible choice of SHORT and LONG gates is adopted.

F. Experimental data using analog system

We have applied the new position-corrected VPSD (PPSD)
procedure to the data from a recent experiment with much
improvement in n—y discrimination. The analog system was
used to process signals from all 25 NW bars and provide 12-bit
fast gate and total gate information. The fast gate was adjusted

to a width of 30 ns that starts from around 5 ns before the
20% threshold timing, while the total gate was set to a width
of 340 ns. Neither gates were set to the optimal settings as
suggested by the star marker in Fig. 7. Nonetheless, as we can
see from the FOM surface, the loss in n—y separability is less
than 10%.

Data from the heavy-ion collisions of *Ca+54Ni at a beam
energy of 140 MeV /u are used to test the new PPSD method.
With a veto wall placed in front of the NW bars, charged
particles are “vetoed” from this analysis, leaving around half
a million neutrons and gamma rays detected by NW bar OI.
Significant improvement in n—y separation has been presented
by comparing the PSD plots produced using the GM method
(left panel) and the new PPSD method (right panel) in Fig. 8.
In order to preserve the two-dimensionality of the clusters in
the right panel for better visualization, we rotate each point
(vL,vr) by (§ — Oproj(w)) around the point (—0.5, —0.5).
One-dimensional projections are presented in the respective
inset figures. It is clear that the PPSD method exhibits superior
n—y separation. Moreover, this new method accommodates
many simple clustering algorithms such as K-means clustering
[45] that can facilitate automations in the analysis.

IV. SUMMARY

Using cubic spline interpolated digitized waveforms from
a digital electronic system, we study the properties of a
2 m long NE-213 liquid scintillator neutron detector coupled
with a photomultiplier tube (PMT) at each end. In offline
analysis, the digitized waveforms allow optimization on the
constant fraction of the timing signals, as well as widths
and start times of the LONG and SHORT gates for n—y
pulse shape discrimination (PSD). The study validates the
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gating conditions used in analog electronics, that even though
they might not be optimal, they do not impair the n—y PSD
significantly. The “valued-assigned PSD” (VPSD) is used to
quantify the separation between neutron and gamma rays in
both the left and right PMTs. Position dependence of the light
signals is corrected by taking the weighted average of the left
and the right VPSD values, with weights linearly dependent on
position. Compared to the traditional technique that uses the
geometric mean (GM) of light outputs from both PMTs, the
PSD figure-of-merit (FOM) increases from 0.8 to 1.4 near the
edges of the detector. The resulting position-corrected VPSD
(PPSD) plot is much improved and allows for easy separation
of n and . Finally, we successfully apply PPSD to analyze
data from a recent heavy-ion collision experiment.
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