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Abstract

To ensure nuclear security at major public events, portable detectors are essential for
surveying wide areas and verifying the absence of nuclear and radioactive materials.
Fast neutron detectors enable surveys for localizing neutron-emitting sources and nuclear
materials over wide areas. A neutron detector with pulse-shape-discrimination plastic
scintillators sensitive to fast neutrons is used herein, thereby suppressing responses to
scattered neutrons and reducing gamma-ray background. By adopting a plate-shaped
scintillator, the detector exhibits high characteristic directionality. From the measured
count-rate distribution along the survey path, both the source distance and point of closest
approach can be inferred from peaks and widths of the distribution. However, for more
rapid and reliable neutron source localization, empirical functions capable of reproducing
the measured count-rate distribution are highly desirable. This paper proposes simple
empirical functions and demonstrates that reliable source positions can be determined
through chi-squared fitting.

Keywords: plastic scintillator; pulse shape discrimination (PSD); directional fast neutron
detector; angular dependence; neutron source survey

1. Introduction
Nuclear security is a critical concern worldwide due to the expanding use of nuclear

energy and widespread application of radioisotopes [1,2]. In particular, the potential threat
of terrorism involving nuclear and radioactive materials (NRMs) has driven efforts to
strengthen nuclear security measures [1–4]. Gamma-ray detectors play a main role in the
detection, measurement and survey of NRMs. Gamma-ray signatures are characterized by
photons from radioactive materials with a wide range of energies and intensities emitted.
However, the signature can be attenuated by shielding and obscured by radiation from
naturally occurring radioactive materials (NORMs), as well as commercially available
medical and industrial radioisotopes. Unlike gamma-rays, neutrons can penetrate gamma-
ray shielding materials and provide unique signatures of nuclear materials and neutron
sources. In particular, weapon-grade nuclear materials are of the greatest concern from a
nuclear security perspective [4]. Interference of ambient neutron background flux is as low
as approximately 100 n/s m2, predominantly originating from cosmic rays [4,5].
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To prevent the illicit transportation of NRMs, radiation portal monitors installed at
border crossings, ports, and other access points are equipped with both gamma-ray and
neutron detectors [6]. Portable radiation detectors are also used for on-site inspections to
detect NRMs and verify public safety at venues and events. A variety of detector systems
have been developed for these purposes [1–4]. Meanwhile, the shortage of 3He gas has
become a major concern for the deployment of 3He detectors, which have been widely used
as highly efficient, gamma-ray-insensitive thermal neutron detectors [7].

Conventional thermal neutron detectors measure signals generated by neutron-
induced nuclear reactions. To achieve high detection efficiency, these detectors typically
require a moderator to slow down fast neutrons emitted from neutron sources (NSs). How-
ever, the use of moderators increases the overall weight and size of the detectors and results
in the loss of essential information about the incident neutrons, such as their energy, arrival
time, and incident direction. Directional NS survey methods using thermal neutron detec-
tors have been proposed based on the use of collimators and neutron shields to determine
the direction of arrival of thermal neutrons [8,9]. A moderator-based method has been
developed in which fast neutrons are moderated to produce angular dependence in the
count rates of thermal neutron detectors located on opposite sides of a moderator [8–10].

Compact and portable fast neutron detectors would be suited for practical NS surveys.
In particular, plastic scintillators are sensitive to fast neutrons, insensitive to thermal
neutrons, mechanically robust, and cost-effective. The sensitivity to gamma rays of the
plastic scintillators, which interfere with neutron measurements, can be mitigated by
employing pulse shape discrimination (PSD). This enables discrimination between neutron-
induced signals and gamma-ray-induced signals [11–17]. Although liquid scintillators
generally provide superior neutron–gamma-ray discrimination performance, their use is
often avoided because of concerns regarding flammability and toxicity.

We have developed directional portable fast neutron detectors for NS surveys based
on PSD plastic scintillators [18,19]. The use of plate-shaped detectors for NS localization
has been proposed using measurements of count-rate distributions acquired along a survey
path [19]. Owing to the directional sensitivity of the detector, a characteristic count-rate dis-
tribution is obtained along the survey path, containing information on the source distance
and the point of closest approach, from which the location of the NS can be inferred. In a
previous study, we demonstrated the potential of directional detectors for NS localization
based on the peak positions and widths of the measured count-rate distribution. However,
the evaluation can be affected by statistical fluctuations. Furthermore, the count-rate distri-
bution cannot be readily represented by analytical functions and are generally obtained
through numerical simulation. Therefore, empirical equations capable of reproducing mea-
sured count-rate distributions are highly desirable for rapid and reliable NS localization
using chi-squared fitting.

In this paper, empirical functions are employed to reproduce the measured count-
rate distributions. By fitting these functions to the measured data using the chi-squared
method, both the source distance and the point of closest approach can be estimated,
thereby enabling NS localization.

2. Experimental Setup
The developed detector is a square PSD plastic scintillator (250 mm × 250 mm × 25 mm,

EJ-276, Eljen technology, Sweetwater, TX, USA [11,12]) equipped with four photomul-
tiplier tubes (H11934-100-010, Hamamatsu Photonics, Hamamatsu, Japan) mounted on
25 mm × 25 mm corner cuts of a plate [19]. Signals from the photomultiplier tubes were
digitized at 14 bits and 500 MS/s using a DT5730 digitizer (CAEN, Viareggio, LU, Italy).
The triggered pulse waveforms were numerically integrated over long and short time
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windows to obtain charges QL and QS, respectively. Event information, including trigger
timing, was recorded in list mode and analyzed offline. A PSD parameter defined as
PSD = (QL − QS)/QL was used to separate neutron and gamma-ray events, with QL and
QS being the sums of the four detector outputs. Discrimination performance was evaluated
by a figure of merit ranging from 0.4 to 0.5 [19], being lower than those reported in [15–18].
Nevertheless, the PSD plastic scintillators provided advantages in neutron measurements
owning to the mitigation of gamma-ray background signals.

Measurements were performed using a PuBe (α, n) NS (1.4 × 106 n/s), where the dose
rates at 1 m from the source were approximately 55 µSv/h for neutrons and 4.0 µSv/h for
gamma rays. Figure 1 illustrates the configuration of a detector moving along the X axis,
with x0 denoting the point of closest approach to the source and r0 denoting the distance
from the NS. The detector orientation angle relative to the X axis is denoted by θdet.

Figure 1. Geometry of a moving detector. (a) The detector moving along the X-axis at distance r0

from the neutron source (NS), with detector position x, point of closest approach x0, and angle θ

between x and x0 at the NS. (b) Angles θdet and θin (= θ − θdet) indicate the detector’s orientation on
the moving system and radiation incident angle, respectively.

3. Empirical Functions for Detector Response of Neutron
The experimentally measured neutron and gamma-ray count rates per detector with

orientation angle θdet at x = x0 are shown in Figure 2. The counting rate decreases markedly
as the angle falls below 30◦ and reaches the minimum at 0◦, where the source is aligned
with the plane of the detector major axes, thus demonstrating the detector’s pronounced
directional sensitivity. This distribution could not be reproduced using simple trigonometric
functions, because the count rate depends not only on the solid angle but also on the
incident angle [18,19]. Simulations can be used to evaluate the count rates; however, they
require a certain amount of computational effort. In contrast, the measured distributions
exhibit saturation-like behavior, indicating that simple empirical functions may be used
to approximate them. The observed angular dependence is suitably reproduced by the
following empirical function:

f (θdet) = a0 + a1 × (1 − exp(−θdet/a2)), (1)

where a0, a1, and a2 are fitting parameters. Details of the fitting results, including the fitting
parameters and relative residuals, are presented in Appendix B.1.

If the source-to-detector distance is short, the spatial distributions of neutron flux and
incident angles across the detector’s surface may influence the detector’s response function.
In the present study, source-to-detector distances greater than 1 m are considered. Under
these conditions, the effects of such spatial distributions are assumed to be negligible,
and the shape of the detector response function can be treated as independent of the
source distance.
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A numerical analysis is performed using the empirical function. Count rate Y(x)
(1/s) is calculated as a function of detector position x and detector orientation θdet using
Equation (1):

Y(x) = N f (θin)/R2, (2)

where N is a normalization factor corresponding to the neutron emission rate, θin is the
radiation incident angle on the detector given by θin = θ − θdet, and R is the distance
between the source and detector:

R =
√

r2
0 + (x − x0)2. (3)
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Figure 2. Experimental neutron and gamma-ray count rates according to detector orientation angle
at x = x0 with r0 = 1 m. The plotted data are identical to those shown in Figure 3 of [19]. Neutron
and gamma-ray events are shown by black circles and red squares, respectively. Each measurement
was performed for 600 s using a PuBe (α, n) source (1.4 × 106 n/s). Statistical uncertainties are
smaller than the symbol size. The dashed curves represent fitted the empirical function (Equation (1))
f (θdet) = a0 + a1 × (1 − exp(−θdet/a2)), where a0, a1, and a2 are fitting parameters. The data used
in these plots are provided in Supplementary Dataset S2.

The count rates at each detector position x are evaluated using Equation (2) for an NS
of 106 n/s at x0 = 0 m with r0 = 1 m. Detector orientation θdet is evaluated at 0◦, 90◦, and
±45◦. The results are shown as black solid lines in Figure 3.

For the detector at θdet = 90◦, the black line of Figure 3a shows a broad peak with a full
width at half maximum (FWHM) of approximately 1.9 m, corresponding to 2 r0. In contrast,
for the detector at θdet = 0◦, Figure 3b shows a sharp dip at x = 0 m flanked by two bumps
separated by approximately 0.8 m, clearly indicating the point of closest approach, x0.
For intermediate orientations θdet of ±45◦, Figure 3c,d show broad peaks similar to the
peak of the parallel detector in Figure 3a. A small inflection appeared near x = ±1 m for
θdet = ±45◦. This corresponds to the position where the detector plane aligned with the
NS, i.e., where θin = 0◦. At this position, the solid angle decreases significantly, leading to a
reduction in the count rate, as shown in Figure 2. The peak position slightly shifts opposite
to this deviation, and the FWHM of approximately 1.7 m corresponds to approximately
85% of 2 r0.

The source position can be inferred from the count-rate distributions through parame-
ters such as the FWHM and peak positions. However, these quantities are often influenced
by statistical fluctuations and the environment. To robustly estimate the source–detector
geometry, we apply simple analytical functions corresponding to different detector orienta-
tions as follows. A description of the derivation of these functions is given in Appendix A.
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g1(x) = A r
R3 , (θdet = 90◦), (4)

g2(x) = A 1+w
√

(x−x0)2/R
R2 , (θdet = 0◦), (5)

g3(x) = A 1+w
√

((x−x0)+r)2/R
R2 , (θdet = −45◦), (6)

g4(x) = A 1+w
√

((x−x0)−r)2/R
R2 , (θdet = +45◦), (7)

Here, A and w are fitting parameters, and R (=
√
(x − x0)2 + r2) is the source–detector

distance, where r is the corrected distance between the source and detector path.
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Figure 3. Count rates of the moving detector according to position x for a NS of 106 n/s at x0 = 0 m
with r0 = 1 m. Results are shown for detector orientations of (a) θdet = 90◦, (b) θdet = 0◦,
(c) θdet = −45◦, and (d) θdet = +45◦. The black curves represent the calculated results using
Equation (2), and the red curves show the fitting results obtained using empirical Equations (4)–(7).
The data used to in these plots are provided in Supplementary Dataset S3.

The red dashed lines in Figure 3 represent fitting over peak region −1.5 < x < 1.5.
Details of the fitting results, including the fitting parameters and relative residuals, are
presented in Appendix B.2. The calculated count-rate distributions were reproduced using
the empirical functions. However, the fitting parameter r differs slightly from the actual
distance between the source and the detector path, r0. This discrepancy arises from the
limitations of the simple empirical functions. Therefore, correction factor B was introduced
to compensate for the discrepancy such that r = B r0. The resulting values of B are listed in
Table 1. Since the discrepancy depends on the empirical function employed, the value of B
varies with the detector orientation, θdet. Overall, the fitted curves suitably reproduce the
distribution with negligible discrepancies for practical NS surveys.
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Table 1. Evaluated parameter B of Equations (4)–(7) determined by chi-squared fitting.

Detector Orientation Parameter B

0◦ 1.246 (6)
90◦ 0.829 (6)
±45◦ 0.93 (2)

The sum of count-rate distributions obtained from different detector orientations
(θdet) indicates the presence of a source, and the subtraction of the count-rate distributions
indicates its orientation. Figure 4a shows the summed and subtracted count rates for
detectors at θdet of 90◦ and 0◦. The summed count rates exhibit a small dip, indicating
the point of closest approach with an FWHM approximately 10% broader than 2 r0. The
subtracted count rates show a sharp peak at x = 0 m. At the tails of the peak over |x| > 1 m,
the subtracted count rates become negative because the solid angle of the detector at θdet

of 90◦ exceeds that of the detector at θdet of 0◦ when x > r0. Excluding these negative
regions, the FWHM of the peak is approximately 25% of 2 r0, while the peak count reduces
to approximately 60% of the maximum.
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Figure 4. Summed (black lines) and subtracted (red lines) count rates calculated using Equation (2)
for paired detectors with orientation angles of (a) θdet = 0◦ and 90◦, as well as (b) θdet = ±45◦.
Grey dashed lines indicate the zero-count-rate level. The data used in these plots are provided in
Supplementary Dataset S4.

Figure 4b shows summed and subtracted distributions for detectors at θdet of ±45◦.
The summed count rates exhibit a sharp peak with an FWHM of approximately 60% of 2 r0.
Small deviations are clearly visible on both sides at x of ±1 m. The subtracted count rate
exhibit positive and negative peaks at x of ±1 m, with a zero crossing at x = 0 m, directly
revealing the source geometry in terms of both r0 and x0. A peak inversion indicates the
source direction. If the source is located horizontally opposite to the survey path, the
subtracted distribution is reversed.

4. NS Localization by Fitting
Consecutive measurements with directional detectors along a survey path allow

effective localization of radiation sources. Applying chi-squared fitting with empirical
functions enables quantitative source localization, simplifies analysis, reduces statistical
fluctuations, and provides reliable estimates.

Figure 5 shows experimental neutron counts according to detector position x for a
source placed at a horizontal distance of 1 m and x0 = 0 m. Source location r0 and x0
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were evaluated using chi-squared fitting with Equations (4) and (5) and the orientation-
specific parameters, B, listed in Table 1. Details of the fitting results, including the fitting
parameters and relative residuals, are presented in Appendix B.3. The resulting fitted
curves are shown as dashed lines in Figure 5, with the parameters listed in Table 2. They
successfully reproduced the experimental distributions.

Table 2. Evaluated parameters by chi-squared fitting. The detectors’ orientations used for fitting are
listed in the left most column.

Detector
H = 0 m H = 0.7 m

r0 [m] x0 [m] r0 [m] x0 [m]

0◦ 1.00 (2) −0.005 (6) 1.24 (2) −0.028 (3)
90◦ 1.08 (2) 0.02 (1) 1.34 (2) 0.02 (1)
0◦ and 90◦ 1.06 (2) 0.002 (7) 1.32 (3) −0.019 (8)

To generalize localization, source height H should be considered. As shown in Figure 6,
the source location can be represented in cylindrical coordinates (r, ϕ, and x). The count-rate
patterns are strongly affected by the azimuthal angle ϕ of the source and the detector’s
orientation angle, θdet. For instance, a detector at θdet of −45◦ exhibits a deviation at x = r0

when the source is at ϕ of 0◦ (Figure 3c). As ϕ increases or decreases, the deviation shifts
toward x = 0. The deviation transforms into a dip at x = x0 ≈ 0 when the source is above
or below the detector’s path (ϕ ≈ ±90◦), similar to Figure 3b. For a source at ϕ of ±180◦

(i.e., opposite side), the deviation moves to x0 = −r0 (Figure 3d). These complex variations
arise from the axial asymmetry of the detector relative to its moving path, except for the
detectors oriented at θdet of 0◦ and 90◦.

Detectors with an orientation θdet of 0◦ exhibit fourfold rotational symmetry along
the moving path, thus being approximately axially symmetric except at the corners of the
square plate that have cuts for photomultiplier tubes. Hence, the similar deviation at the
point of closest approach appears for sources at any azimuthal angle ϕ, as illustrated in
Figures 5a and 5b for a source height of 0.0 (ϕ = 0◦) and 0.7 m (ϕ = 35◦), respectively.

Detectors with an orientation θdet of 90◦ exhibit twofold rotational symmetry, with the
main detector surface parallel to the moving path. Consequently, the source does not cross
the plane along the detector major axes, resulting in a broad count-rate distribution. The
peak count at x = x0 varies with azimuthal angle ϕ, reaching its maximum at a ϕ of 0◦ and
±180◦ and its minimum at a ϕ of ±90◦, with substantial reductions at ϕ of 60–120◦ and
−120–−60◦, following the angular dependence shown in Figure 2. However, the decline in
the detector count rate at a θdet of 90◦ is only approximately 50% from the source position
for ϕ ranging from 0◦ to ±90◦.

Figure 5b shows the count responses of detectors at a θdet of 0◦ and 90◦ for an NS at a
height of 0.7 m and horizontal distance of 1 m (i.e., ϕ = 35◦). The FWHM of the count-rate
distribution for the 90◦ detector is approximately 3 m, which is broader than that expected
for a distance of 2.44 m. This is probably due to the response (i.e., efficiency) of the detector
along the moving path being varied by the radiation incident direction determined by the
azimuthal angle, ϕ, of the source, as well as detector position x and orientation θdet.

The fitted parameters listed in Table 2 reproduce the experimental conditions within
10% discrepancies. When using only the data from the 0◦ detector, the fitted values differ
by less than 3%. These deviations are sufficiently small for practical applications, such as
survey and localization of a source in large open venues.
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Figure 5. Experimentally measured count rates according to detector position x retrieved from
Figure 8 of [19]. The NS was placed 1 m horizontally from the survey path and at heights of (a) 0.0
and (b) 0.7 m. In the first column, black circles and blue triangles indicate detector orientation angle
(θdet) values of 90◦ and 0◦, respectively. The second column shows the difference between the two
detectors as red squares. Each measurement was performed for 5 min per data point. The statistical
uncertainties are smaller than the symbol’s size. Dashed lines represent the fitting results using
Equations (4) and (5). Horizontal grey dashed lines of the right panels indicate the zero-count-rate
level. The data used in these plots are provided in Supplementary Dataset S5.

Figure 6. Geometry of source in cylindrical coordinates (r, ϕ, and x), where H is the source height. A
detector with orientation angle θdet moves from left to right along the X-axis, and x0 represents the
point of closest approach.

5. NS Survey Using Moving Detector
To evaluate the sensitivity of the detectors at θdet of 90◦ and 0◦ to an NS, we simulated

expected count-rate distributions along the survey path. The simulation was performed
using Equation (2), integrating the count within position bins, x, using parameters, B, listed
in Table 1 for a PuBe (α, n) source (1.4 × 106 n/s) at a height H of 0 m.

For a realistic evaluation, background contributions should be considered in the count.
Gamma-ray and neutron backgrounds increase the baseline of the count-rate distribution.
In our study, the gamma-ray count rate for the NS measurement with a detector orientation
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of θdet = 90◦ was approximately 1300 cps, corresponding to a dose rate of 4.0 = µSv/h.
Under these measurement conditions and assuming a neutron–gamma discrimination
figure of merit (FOM) of 0.5, approximately 12% of neutron and gamma-ray events are
misclassified as each other [20]. Assuming a natural gamma-ray background dose rate
of 0.3 µSv/h, the gamma-ray contribution to the neutron count rate is estimated to be
approximately 10 cps based on the aforementioned results.

Gamma rays emitted from naturally occurring radioactive materials (NORMs) may
distort the count-rate distribution by producing additional peaks. However, similar dis-
tributions will also observed in the gamma-ray count-rate distribution measured with a
higher statistic. Their impact can be reduced by increasing the analysis threshold at the
expense of reduced neutron-counting statistics.

Neutron background is primarily generated by cosmic rays. The flux of background
high-energy neutrons in the energy range from 1 MeV to 100 MeV can be estimated to be
approximately 5 × 10−3 n/s cm2 by integrating a conventional neutron energy spectrum,
n(E) = 0.001E−1 1/(s cm2 GeV) [5]. For comparisons, the neutron flux from an NS with an
emission rate of 1.4 × 106 n/s at distance of 10 m is estimated to be approximately 0.1 n/s
cm2. In this case, the count rate is higher than the cosmic-ray-induced neutron background.

Neutrons emitted from a source are scattered by surrounding materials such as con-
crete, soil, and other structures. These neutrons undergo multiple scattering, lose energy,
and may eventually be captured. Some scattered neutrons can still reach the detector and
influence the measured neutron count-rate distribution. However, their contribution is ex-
pected to be limited because fast neutron detectors are primarily sensitive to unmoderated
neutrons. Consequently, neutrons that may have lost a substantial fraction of their energy
through scattering are less likely to contribute significantly to the measured count-rate
distribution. Nevertheless, the impact of scattered neutrons should be evaluated in future
studies under realistic conditions.

For simplicity, the effects of background neutrons, gamma rays, and neutrons scattered
by surrounding materials on the count-rate distributions were neglected in this simulation.

The starting points for measurements were randomized to resemble realistic measure-
ments because the source position is generally unknown, and the detector system was
assumed to move at 0.5 m/s, corresponding to a relatively slow walking speed.

Figure 7 shows the simulated counts along the survey path. Abscissa x/r0 represents
the detector position normalized by source distance r0, highlighting the shape of count-
rate distributions.

Measurement time Ts governs both the positional resolution of each bin and statistical
precision of each data point. A shorter Ts improves the spatial resolution but reduces
the counting statistics, while a longer Ts enhances the statistics at the expense of spatial
resolution. This trade-off is evident in Figure 7, with Figure 7a,b corresponding to r0 = 1 m
and Figure 7c,d corresponding to r0 = 10 m.

As source distance r0 increases, the overall count rate decreases proportionally to
1/r2

0, and the distribution along the X axis broadens (compare Figure 7b,c for the same Ts).
Figure 7c shows improved positional resolution compared with Figure 7b but with reduced
statistical precision. This loss can be mitigated by summing adjacent data points, but this
comes at the cost of losing spatial resolution (Figure 7c,d). For a fixed positional resolution
in normalized position x/r0, the count rate scales as 1/r0, as observed by comparing
Figure 7a,d.

In realistic measurements, each data point obtained using a moving detector represents
the integrated count over a finite spatial interval. This averaging process blurs the count-
rate distribution and reduces the accuracy of NS localization. However, the proposed
method remains effective when the integration interval is sufficiently small. Furthermore, it
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provides a practical and rapid approach to NS localization in situations where approximate
source positioning is sufficient.
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Figure 7. Calculated neutron counts for moving detectors at normalized positions x/r0 for various
distances of source to detector path r0 and measurement time per bin Ts: (a) r0 = 1 m and Ts = 0.5 s;
(b) r0 = 1 m and Ts = 1 s; (c) r0 = 10 m and Ts = 1 s; and (d) r0 = 10 m and Ts = 5 s. The black and
blue lines represent detectors oriented at θdet of 90◦ and 0◦, respectively, where the green and red lines
correspond to the summed and subtracted counts of the two detectors. The horizontal grey dashed
lines indicate the zero-count-rate level. The error bars indicate the expected statistical uncertainties at
selected points. They are omitted in panel (c) due to their large magnitude (e.g., approximately 30% at
the peak of the detector with θdet of 90◦). The data used in these plots are provided in Supplementary
Dataset S7.

6. Multiple NS Localization
If more than one NS is present, the count-rate distribution becomes more complex,

making the localization of multiple NSs difficult. In spectroscopy, the ability to resolve
adjacent peaks is characterized by relative resolutions. For example, the performance of
gamma-ray spectrometers is commonly evaluated using energy resolution, defined by
dE/E, where E and dE denote the peak energy and its FWHM, respectively. A similar
concept may be applied to NS localization, where the characteristic width of the count-
rate distribution governs the spatial resolving power for separating neighboring NSs. A
narrower count-rate distribution provides to a higher spatial resolution for identifying
multiple NSs.

Defining the relative resolution as R = FWHM/r0, the relative resolution of a non-
directional detector is evaluated to be R = 2, since its count-rate distribution exhibits a
peak at the point of closest approach with an FWHM of 2 × r0. This can be interpreted
to mean that two NSs separated by more than 2r0 can be resolved, provided that they
have identical emission rate and are located at the same distance r0 from the detector
path. The resolution of the plate detector orientated at θdet = 90◦ is also approximately
R = 2, which is comparable to that of non-directional detectors. In contrast, the detector
oriented at θdet = 0◦ exhibits a narrow dip in the count-rate distribution at the point of
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closest approach. By defining the FWHM as half of the separation between the two peaks
appearing on either side of the dip, the relative resolution is estimated to be R = 0.13. This
represents a substantial improvement in spatial resolution.

Sources located at different distances from the detector path produce more complex
count-rate distributions. In such cases, each source contributes a count-rate distribution
with a different strength and width, making the localization of multiple NSs more difficult.
This difficulty can be mitigated using the difference between count-rate distributions
measured with detectors orientations of θdet = 0◦ and θdet = 90◦. Such subtraction
simplifies the count-rate distribution and produces sharp peaks, thereby facilitating the
identification and localization of multiple NSs. This improved spatial resolution is a
significant advantage of the proposed system for NS surveys, particularly in the presence
of multiple sources.

7. Conclusions
For efficient NS surveys in large events, we introduce a fast neutron detector using a

plate-shaped PSD plastic scintillator. The developed detector is sensitive to fast neutrons,
efficiently suppressing signals from scattered neutrons and discriminating against gamma-
ray events. The shape imparts directionality, allowing the detector response to exhibit
characteristic count-rate distributions along the survey path that indicate the source location.
Empirical functions reproduce the response patterns of detectors with orientations θdet of
0◦, 90◦, and ±45◦ for an NS at the same height of the detector. The source location can thus
be quantitatively determined using chi-squared fitting, enabling simplified data analysis,
reducing statistical fluctuations, and providing reliable source localization.

In practical surveys, sources are potentially located at different heights, hindering the
detector count response. The detector with an orientation θdet of 0◦ provides consistent
responses across source heights. Conventional empirical functions allow us to determine
the source’s localization (x0 and r0) through chi-squared fitting. Furthermore, the azimuthal
angle can be inferred from the count rate associated with the largest signal among the
outputs of four photomultiplier tubes (PMTs) at x = x0 [19]. The plate-shaped detector
is equipped with four PMTs located at its corners. The output signal amplitude varies
depending on the neutron’s interaction position within the scintillator. In general, a PMT
located closer to the scintillation event records a greater signal. Consequently, the count
rates associated with the strongest signal differ among the four PMTs, depending on
the detector orientation and the source position. This asymmetry becomes particularly
pronounced when the NS is located at the side of the detector. For a detector orientation
of θdet = 0◦, the azimuthal angle, ϕ, can be determined near the point of closest approach
x = x0 with an accuracy better than π/8. Accordingly, the source can be localized in
cylindrical coordinates (r0, ϕ, x0) using a single detector with orientation θdet of 0◦.

Detectors with an orientation θdet of 90◦ exhibit a simple peak response, where only
the peak count and its width vary with the source’s height. This dependence provides
additional information for localizing the source.

The observed count-rate distributions according to the normalized abscissa (i.e., x/r0)
and integrated over a fixed normalized region scale as 1/r0, while the instantaneous count
rates follow a 1/r2

0 relation. Neglecting background contributions, the signal strength
indicating the presence of a source as the total counts integrated over a scaled region is
proportional to 1/r0.

Overall, the proposed directional detector seems to be suitable for integration with
systems including unmanned ground vehicles and autonomous mobile robots, and it
likely provides an efficient and automated approach for NS survey and gamma-ray source
localization at large public events.
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Appendix A. Derivation of Empirical Functions
Figure A1 illustrates a detector oriented at an angle θdet and moving along the X-axis.

The distance between the detector and the source at an arbitrary detector position x is given
by R =

√
x2 + r2, where r denotes the distance of closest approach (x0 = 0). The neutron

flux at a distance R from a source can be expressed as N
R2 , where N represents the neutron

flux at R = 1. Assuming a parallel beam at a distance R, the number of neutrons incident
on the detector surface can be expressed as A sin(θdet+θ)

R2 or A r cos(−θdet)+x sin(θdet)
R2 , where A

is a normalization factor corresponding to the neutron flux multiplied by the surface area
of the plate detector. For θdet = 90◦, 0◦, and ±45◦, the above expression can be simplified

to A r
R3 , A

√
x2

R3 , and A
√

(x±r)2

R3 , respectively. As shown in Figure 3a of the main text, the
count-rate distribution for θdet = 90◦ was successfully reproduced using Equation (4).
Although the functions for θdet = 0◦ and ±45◦ do not fully reproduce the evaluated count-
rate distributions, they describe their characteristic features, exhibiting a dip at x = 0 and
inflections at x = ±r, respectively. In both cases, the count rate becomes zero. Therefore,
an additional term corresponding to the response of a non-directional detector (∝ 1/R2)

was introduced. This modification results in A 1+ω
√

x2/R
R2 for θdet = 0◦ and A 1+ω

√
(x±r)2/R
R2

for θdet = ±45◦, where ω is a fitting parameter. These modified functions successfully
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reproduced the measured count-rate distributions, as shown in Figure 3 of the main text.
However, the distance parameter r obtained from the chi-squared fitting exhibited a small
discrepancy from the actual source distance, r0. This discrepancy arises from the limitations
of simple empirical functions. To account for this discrepancy, a correction factor B was
introduced such that r = Br0. Because the discrepancy depends on the empirical function,
the value of B varies with the detector’s orientation, θdet.

Figure A1. Geometrical relationship between the NS and the detector.

It should be noted that the count-rate distributions represented by Equations (4)–(7) are
linearly stretched along the X-axis with an increasing r. This can be seen from the relation
gn(x) = gn(rx′) = 1

r2 gn(x′, r = 1), where x′ is the detector position x normalized by r
(x′ = x/r), and n denotes the detector orientation characterized by θdet. This means that the
shape of the distribution function remains unchanged for different values of r, Therefore,
the source distance r0 can be estimated from the measured count-rate distributions through
chi-squared fitting using these functions and the correction factor B.

Appendix B. Details of Fitting
Chi-squared fitting was performed using Gnuplot (Ver.6.0), a portable command-line-

driven graphing utility [20]. The errors of the fitted parameter were scaled by the reduced
chi-square value such that the estimated errors increase when the reduced chi-square value
exceeds unity.

Appendix B.1. Angular Dependence of Count Rate

The fitting was performed using Equation (1). Each data point was weighted accord-
ing to its statistical uncertainty. The number of data points was 10, the number of free
parameters was three, and the numbers of degrees of freedom (ν) was 7. The fitting results
are summarized in Table A1, and Figure A2 shows the relative residuals (yi − f (xi))/ f (xi).
The model function reproduced the data well, except for the data at 10◦. However, the
discrepancies are only approximately 4%.

Table A1. Results of chi-square fitting for the count-rate distribution shown in Figure 2.√
χ2/ν a0 a1 a2

Neutron 16.2 534.2 (8) 734 (2) 22.34 (13)
Gamma ray 12.1 789.7 (13) 476.2 (17) 22.7 (2)
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Figure A2. Relative residuals between the experimental data and the fitted function. The data used
in these plots are provided in Supplementary Dataset S2.

Appendix B.2. Position Dependence of Count Rate

Fitting was performed in the vicinity of x = 0 over the range from x = −1.5 m
to x = −1.5 m. The number of data points was 31, the number of fitting parameters
was three, and the number of degrees of freedom was 29 for Equation (4) and 28 for
Equations (5)–(7). The fitting results and the fitting residuals are presented in Table A2 and
Figure A3, respectively. The residual plots revealed the difficulty of completely reproducing
the evaluated count-rate distributions using these simple functions. For θdet = 90◦ and
θdet = 0◦, the relative residuals are less than 10% within the fitting range. Outside this
range, the relative residual increases rapidly for functions corresponding to θdet = 90◦.
However, this increase is partly emphasized because the count rate decreases with an
increasing |x|. The residual plots for θdet = ±45◦ show relatively large discrepancies at
±1 m, indicating the limitations of these simple functions. Nevertheless, these functions
reproduce the overall trends of the evaluated count-rate distributions reasonably well, as
shown in Figure 3. Using the fitted values of r listed in Table A2, the correction factor B,
given in Table 1 in the main text, was determined using the relation r0 = r/B(θdet), where
the actual source distance was r0 = 1 m.

Table A2. Results of chi-square fitting for the count-rate distribution shown in Figure 3.

θdet
√

χ2/ν a r [m] ω

90◦ 7.2 1374 (11) 1.246 (6) –
0◦ 5.9 275 (6) 0.829 (6) 2.04 (5)

±45◦ 24 468 (17) 0.934 (18) 0.55 (4)
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Figure A3. Relative residuals between the evaluated data and the fitted functions, Equations (2) and
(4)–(7), for detector orientations of θdet = 90◦, θdet = 0◦, and θdet = ±45◦, respectively. The region
used for chi-squared fitting is indicated by the dashed lines (−1.5 m ≤ x ≤ 1.5 m). The data used in
these plots are provided in Supplementary Dataset S3.
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Appendix B.3. Evaluation of NS Location

Two series of measurements were performed with different detector orientations,
θdet = 90◦ and 0◦, and different neutron source heights, H = 0.0 m and 0.7 m. Eleven
data points were obtained for each measurement. Chi-square fitting was performed using
Equations (4) and (5). The numbers of fitting parameters were four and three, resulting
in 7 and 8 degrees of freedom, respectively. The fitting results are given in Table A3
In addition, both measurements were fitted simultaneously using Equations (4) and (5).
Common fitting parameters were used for both datasets except for A1 and A2, which
correspond to the parameter A in Equations (4) and (5), respectively. Consequently, the fit
involved 22 data points, five fitting parameters, and 17 degrees of freedom.

The relative residuals and fitting residuals of the chi-squared fittings are presented in
Table A3 and Figure A4, respectively. The relative residuals near the peak were approxi-
mately 1%, indicating that the fitting function reproducing the experimental data well.

Table A3. Results of chi-square fitting for the count-rate distribution shown in Figure 5.

H θdet
√

χ2/ν r0 [m] x0 [m] A1 A2 ω Equations

0 m
90◦ 15.3 1.11 (2) 0.012 (10) 2231 (74) – – (4)
0◦ 7.31 1.04 (2) −0.005 (6) – 352 (23) 2.8 (2) (5)

0◦ & 90◦ 21.0 1.06 (2) 0.002 (7) 2680 (96) 407 (23) 2.5 (2) (4) & (5)

0.7 m
90◦ 7.31 1.38 (2) 0.021 (11) 2076 (63) – – (4)
0◦ 6.12 1.28 (2) −0.028 (3) – 342 (13) 2.84 (9) (5)

0◦ & 90◦ 13.1 1.32 (3) −0.020 (8) 2550 (93) 406 (22) 2.6 (2) (4) & (5)
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Figure A4. Relative residuals between the experimental data and the fitted functions shown in the
left panels of Figure 5. The experimental data were obtained using detectors oriented θdet = 0◦ and
90◦ for the neutron source, which was located at H = 0.0 m and 0.7 m. The data used in these plots
are provided in Supplementary Dataset S5.
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