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a b s t r a c t

A detection system using room-temperature, microstructured solid-state thermal neutron detectors
with very low leakage current has been developed at Rensselaer Polytechnic Institute (RPI) with the
ability to provide positional and spectral information about an unknown neutron source. The Directional
and Spectral Neutron Detection System (DSNDS) utilizes a set of small-but-scalable, zero-bias solid-state
thermal neutron detectors which have demonstrated high thermal neutron efficiency and adequate
gamma insensitivity. The DSNDS can gather spectral information about an unknown neutron source
with a relatively small number of detectors, simplifying the detector electronics and minimizing cost;
however, the DSNDS is modular in design, providing the capability to increase the detection efficiency
and angular resolution. The system used in this paper was comprised of a stack of five high-density
polyethylene (HDPE) disks with a thickness of 5 cm and a diameter of 30 cm, the middle disk containing
16 detectors positioned as one internal (moderated) and one external (unmoderated) ring of solid-state
neutron detectors. These two detector rings provide the ability to determine the directionality of a
neutron source. The system gathers spectral information about a neutron source in two ways: by
measuring the relative responses of the internal ring of detectors as well as measuring the ratio of the
internal-to-external detector responses. Experiments were performed with variable neutron spectra: a
252Cf spontaneous fission neutron source which was HDPE moderated, HDPE reflected, lead (Pb)
shielded, and bare in order to benchmark the system for spectral sensitivity. Simulations were
performed in order to characterize the neutron spectra corresponding to each of the source configura-
tions and showed agreement with experimental measurements. The DSNDS demonstrates the ability to
determine the relative angle of the source and the hardness of the neutron spectrum. By using the single
HDPE disk with two detector rings and stacking four moderator disks, the intrinsic efficiency for 252Cf
spectrum of such detector is about 0.4%70.04%.

& 2015 Elsevier B.V. All rights reserved.

1. Introduction

Neutron detection is important for homeland security efforts,
including monitoring national points of entry for the presence of
special nuclear material (SNM), which is defined as plutonium and
uranium enriched in 233U or 235U and is the fissile component of
nuclear weapons [1]. Currently, neutron detection systems – such as
radiation portal monitors (RPMs) – are implemented at U.S. borders,
ports, airports etc. to screen vessels, vehicles, cargo, and individuals
in order to thwart the illicit trafficking of SNM. The Domestic
Nuclear Detection Office (DNDO) reports that in 2011 there were
444 RPMs operating at U.S. seaports, which were used by Customs
and Border Protection (CBP) to screen approximately 24.3 million
containers which entered the U.S. [2]. If an RPM alarm is triggered

and confirmed during a screening, the container is diverted and the
source has to be located within the vehicle or container (or
identified as a false alarm). The thoroughness of such a process
and high volume of traffic can cause delays at ports-of-entry [3].
The time used to survey shipping containers has an economic
impact in U.S. trade. The implementation of the DSNDS can improve
this process by providing spectral and improved directional infor-
mation about the potential source, automating the process of hand-
held surveying to locate a neutron source.

The “gold standard” of neutron detectors is the 3He proportional
counter. These are robust, gamma insensitive, and remain an
efficient, proven technology for detecting thermal neutrons [3].
However, a global shortage of 3He has caused the price to surge and
limits the future supply of these neutron detectors, stimulating the
development of alternative neutron detection technology. BF3
proportional counters demonstrate adequate thermal neutron effi-
ciency and gamma discrimination, but higher bias voltage require-
ments (42000 V depending on the gas pressure) and toxicity of the
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gas require additional considerations before deploying devices in
the field [4]. In contrast, the solid-state neutron detectors developed
at RPI have a flat, compact geometry and require no bias voltage,
allowing for the development of new neutron detection systems
and improvements to existing technologies [5].

1.1. Solid-state neutron detectors

Microstructured solid-state neutron detectors have been developed
by several groups [6–9]. The solid-state devices implemented for this
systemwere fabricated within RPI’s Micro and Nano Fabrication Clean
Room using boron enriched to 93% 10B as the neutron converter which
is deposited into deep, micron-sized hexagonal holes that are etched
into a silicon wafer creating a microstructured honeycomb pattern,
seen in Fig. 1 [10]. These devices have a unique passivation method
that allows for very low leakage current and higher efficiency. It is
estimated that these devices and the associated electronics in mass
production will cost less than existing neutron detectors.

Neutrons are detected in a multi-step process beginning with
the absorption of a moderated neutron by 10B within the hexago-
nal holes of the device. The 10B absorption reaction results in two
energetic charged particles and is shown below:
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The resulting 7Li and 4α ions are emitted in opposite directions and

can escape the boron entering the silicon region with a fraction of
their initial energy. The remaining energy is deposited in the charge-
collecting silicon, which is contacted with sputtered aluminum and
titanium. Subsequent preamplification, pulse shaping, and discrimina-
tion of the signal from the RPI devices allow for neutron events to be
identified if the pulse height is greater than the electronic noise and
gamma background, which is measured at 200 keV [5].

These honeycomb detectors have demonstrated an intrinsic
thermal neutron efficiency of up to 29%, a γ discrimination ratio
better than the PNNL recommendation for a well-designed neutron
detector (10�6 for a 10 mR/h exposure rate from a 60Co source), and
scalability to large surface areas due to an extremely low leakage
current [5,10,11]. Solid-state neutron detectors – as opposed to their
gas-filled counterparts – are flat, compact, require no bias voltage,
and are thus easier to embed in different moderated configurations.

1.2. Existing directional and spectral neutron detection systems

The DSNDS utilizes the concept of embedding thermal detectors
in moderators, which is not new [12–15]. There have been many
iterations of neutron rem counters, which consist of a thermal
neutron detector placed inside a moderator such that the

instrument’s energy-dependent response is proportional to the
neutron flux-to-dose conversion over a wide energy range. Bonner
spheres, which consist of a thermal neutron detector surrounded by
spherical moderators of different sizes, were designed in 1960 in
order to measure the neutron dose rate from thermal energy to
15 MeV within 750% [16]. In 1964 Andersson and Braun published
and developed the A–B rem counter, which consists of a central BF3
proportional counter surrounded by two cylinders of polyethylene
separated by borated plastic which serves to absorb low-energy
neutrons. The borated plastic layer suppresses the instrument’s
response to thermal neutrons to nearly zero, but this sensitivity
was increased by drilling holes in the borated plastic. The size and
number of holes can be controlled to produce a thermal neutron
response which matches the ideal rem response. This instrument
provides an improved rem-proportional response for energies
between 0.0253 eV and 10 MeV [17]. Leake contributed to neutron
rem counters by creating a spherical version of Andersson and
Braun’s design, which utilized cadmium (Cd) instead of borated
polyethylene. This instrument is smaller and lighter (originally 6.5 kg
including electronics), which proved useful as a portable neutron
rem counter [18]. There has been an effort to extend the range of
neutron rem counters to higher neutron energies. The Long Interval
NeUtron Survey meter (LINUS) – an adaptation of the A–B rem
counter – was developed in order to achieve a flat response from
1MeV up to several hundred MeV [19]. The LINUS was created from
an A–B rem counter and a 1-cm-thick layer of Pb, which surrounds
the neutron absorption layer. Neutrons with energy greater than
10 MeV undergo inelastic scattering in the Pb layer, which are
moderated by the polyethylene and detected by the internal BF3
proportional counter. There is no significant effect on neutrons with
energy below 10MeV, so the LINUS achieves increased sensitivity to
neutrons with energy greater than 10 MeV, while remaining an
accurate rem counter for neutrons with energy below 10MeV
[20,21]. The DSNDS is similar in principle and design – excluding
the absence of a central detector – to the aforementioned instru-
ments but differs in purpose. The aforementioned instruments
provide a response to neutrons over a wide energy range which is
proportional to the ideal rem response curve; however, the applica-
tion described here does not measure the neutron dose. The DSNDS
provides directional and spectral information about a neutron source
for the purpose of identifying its location.

A previous version of a portable directional neutron detection
system was developed by Schulte et al. with thin-films of gadoli-
nium converter foils between silicon detectors [12]. The angular
orientation of the detectors allows for the system to determine the
most likely direction of a neutron emitting source. However, these
detectors are gamma sensitive, requiring additional modules for
gamma compensation; additionally, this system lacks sufficient
angular resolution. Other portable directional neutron source
finders have since been developed using 6Li glass scintillators or
3He detectors embedded in polyethylene moderators [15]. Most
recently, Caruso et al. patented a spectral and directional neutron
apparatus using a plurality of solid-state detectors embedded in a
moderator [14]. In reference, spectral information is obtained by
embedding detectors at different depths in the moderator
designed to create different sensitivities to the neutron spectrum.

The DSNDS is distinguished by the utilization of the aforemen-
tioned solid-state neutron detectors developed at RPI, the mod-
ularity of the system, and the method by which neutron spectral
information is obtained. The DSNDS utilizes a cylindrical moderator
with an internal and external ring of detectors separated by a
neutron absorber. The annular distribution of the internal detectors
within the DSNDS serves two purposes: to determine the source
directionality and to provide measurements with incremental
effective moderator thicknesses. The shape of the angular detector
responses are used to gather additional spectral information. Lastly,

Fig. 1. Schematic of a honeycomb structured solid-state neutron detector [10].
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the modularity of the DSNDS allows for the customization of the
instrument based upon a tradeoff of improved efficiency and
angular resolution contrasted with low cost and simplified detector
electronics. Increased detection efficiency for fast neutrons can be
attained by embedding more detectors into the 5-cm-thick disk and
stacking several such disks to increase the detection area.

2. Design considerations

The DSNDS concept was designed in order to determine the
spectral properties and position of a neutron source. A diagram
showing the DSNDS can be seen in Fig. 2, where the eight internal
and eight external detectors are secured in a ring around the center
of the HDPE disk, as discussed in Section 1. The solid-state neutron
detectors used in the DSNDS each have an area of 4 cm2. These
devices are thermal neutron detectors, thus fast neutrons must be
moderated in order to be efficiently detected by this system.

The DSNDS cylinder is composed of five stacked HDPE disks, each
with a height of 5 cm and a radius of 15 cm. Stacking the disks to
make a cylinder provides modularity. Only the middle disk contains
the rings of detectors (the other four disks serve only as neutron
moderators); however, this stacked design can be made more
efficient by replacing the moderating disks with additional detector
disks. Additionally, the efficiency and angular resolution of the
DSNDS can be improved by increasing the number of detectors that
compose the internal ring or by adding additional detector rings.

The annular arrangement of the internal detectors within the
DSNDS provides variable thicknesses of HDPE moderation for a
given source position. These detectors with incremental effective
moderation provide relative responses which are characteristic of
the neutron spectrum incident on the DSNDS.

The external detectors shown in Fig. 2 were designed to have no
moderation between the source and detectors such that they are
sensitive to incident thermal neutrons and, to a lesser extent, higher
energy neutrons. The sensitivity of the detectors diminishes with
increasing energy due to the cross-section of the 10B neutron converting
material which varies with 1/√E. Conversely, the internal detectors are
moderated by at least 3.5 cm of HDPE on the front and much larger
HDPE thickness behind the detector, which enables them to effectively
detect fast neutrons incident on the DSNDS. This design allows for the
DSNDS to collect spectral information about a neutron source in two
ways: using the ratio of the internal-to-external detector response and
the distribution of count rates of the internal ring of detectors.

A Cd layer (or possibly another thermal neutron absorber)
surrounds the cylinder separating the internal and external detector
rings, which serves to decouple the thermal neutron response of the
two rings of detectors. The Cd wrapped around the cylinder absorbs
neutrons below the Cd cutoff (0.5 eV) which were moderated by the

cylinder, preventing low energy neutrons from scattering back into
the external detectors, effectively decoupling the thermal neutron
response of the internal and external detectors. Cd, which is a toxic
metal, is not essential to the design. Alternative neutron absorbers –
e.g. gadolinium or boron – are also effective decouplers.

2.1. Design optimization

The DSNDS, which is housed in a cylinder of HDPE (ρ¼0.94 g/
cm3), was simulated using Monte Carlo N-Particle Code (MCNP)
6.1 [22] in order to determine the appropriate dimensions of the
system. Since the solid-state detectors respond to thermal neu-
trons, the internal detectors should be positioned where the
thermal neutron flux peaks due to an incident fission neutron
spectrum. This optimal radial position of the internal detectors
was determined by simulating a typical fission neutron spectrum
and tallying the 10B neutron absorption rate at different radii
inside the HDPE cylinder with a radius of 15 cm and height of
25 cm. The results of this simulation, which were run until 2�107

histories were completed, show that the internal detectors should
be positioned at a radius which is about 3.5 cm smaller than the
radius of the cylinder, as seen in Fig. 3a.

Since the DSNDS is designed to be modular, simulations were
performed in order to investigate the effect of the cylindrical height
and radius. First, the height of the large HDPE cylinder was varied in
order to investigate how changes in the cylindrical height affect the
response of the internal detectors at the optimal radius. The results
of these simulations can be seen in Fig. 3b, which are displayed as a
relative response compared to the effectively infinite cylinder. This
simulation demonstrated that a height of 25 cm provides enough
neutron moderation to achieve a detector response which is 499%
of the response associated with the effectively infinite cylinder.

Similarly, the radius of the cylinder was varied in order to
determine the response of the internal detectors as a function of
the cylindrical radius. Fig. 3c shows that a cylindrical radius of
15 cm provides enough moderation to achieve an internal detector
response which is 495% of the response associated with an
effectively infinite cylinder.

The system fabricated for the laboratory experiments has a radius
of 15 cm, a height of 25.4 cm, a detector angular spacing of 451, and a
hole in the center of the moderating cylinder—seen in Fig. 4b. As
constructed, the DSNDS – including 16 detectors – has a mass of
about 16 kg. The central hole was used to house the 252Cf source
during detector calibration, a process to determine the relative
detector efficiencies in order to normalize the individual detector
responses. This hole can be plugged if needed. The system is shown
in Fig. 4 with 8 (4 internal and 4 external) of the 16 total detectors.

2.2. Efficiency determination

The intrinsic efficiency of the DSNDS is defined as the probability
of detecting a neutron which is incident on the cylinder and was
calculated for the bare (unmoderated) 252Cf source. The strength of
the 252Cf source was calibrated as 0.5 mCi (710%) on the third of
September of 2009. Considering the source half-life of 2.646 years, the
probability of spontaneous fission (3.1%), and the average number of
neutrons emitted per fission event (3.73), the source intensity during
the experiments was calculated to be 0.13 mCi or 2.39�106 n/s
(710%) [23].

Experimental measurements utilized an ORTEC 142AH pream-
plifier, an ORTEC 672 Spectroscopy amplifier, and ORTEC MAESTRO
Multi-Channel Analyzer (MCA) software in order to record the
detector responses. The intrinsic efficiency of the 01 internal
detector was measured to be 0.07%70.01%, which is defined as
the probability of neutron detection given a neutron is incident on
the HDPE cylinder (height¼25.4 cm, radius¼15 cm). Similarly, the

45°
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Fig. 2. DSNDS schematic demonstrating the source and detector positions within
the HDPE including a neutron decoupler.
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efficiency of the system with 16�4 cm2 detectors – comprised of
one internal and one external ring of detectors – was determined
to be 0.4370.04% using the collected detector count rates, the
neutron emission rate of the 252Cf source, and the solid angle of
the cylindrical moderator corresponding to the distance between
the source and the cylinder and the area of the cylinder. Although
the intrinsic thermal neutron efficiency of each device is as high as
29%, the low intrinsic efficiency of the DSNDS reflects its depen-
dence on the moderation process.

MCNP simulations, which modeled the source-detector dis-
tance of 1.15 m and included the concrete walls and floor of the
laboratory, were performed in order to imitate the experimental
measurements until 108 histories were completed. The responses
of the microstructured solid-state detectors within the HDPE
cylinder were modeled using a repeated structure of 3 μm
hexagonal holes filled with enriched (93%) 10B (ρ¼2.35 g/cm3)
embedded in Si, which were modeled after the geometry shown in
Fig. 1. The simulations were used to verify that the efficiency of the
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Fig. 3. MCNP-simulated detector responses used to optimize the system’s dimensions. (a) Was used to determine the internal detector location (r¼11.5 cm), (b) the cylinder
height (15 cm), and (c) the cylinder radius (15 cm).

Fig. 4. (a) Front view of the system showing the external ring of detectors mounted on 5.08 cm (2″) thick center HDPE disk, (b) top view of the system showing four internal
and four external detectors.
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01 detector is about 0.07%70.01%, with uncertainty due to
simulation statistics and uncertainty in the original source calibra-
tion. Similarly, the overall detection efficiency of the DSNDS with
all 16 detectors to a fission neutron source is 0.4%70.1%. Addi-
tional simulations were performed with incremental, monoener-
getic neutron sources in order to verify that the total intrinsic
efficiency of the DSNDS increases with softer incident neutron
spectra. Thus, the intrinsic efficiency measurements with the bare
252Cf source are conservative.

The lower level of detection (LLD) of these solid-state thermal
neutron detectors was previously determined by measuring the
pulse height spectrum corresponding to a moderated 252Cf source
[5]. The energy of the highest pulse was equated to 2.79 MeV, which
is the sum of the 4α and 7Li daughter ion energies corresponding to
the more energetic 10B absorption reaction. This calibration was used
to determine that the energy associated with the noise level of the
measured spectrum is 200 keV. Therefore, in the simulations it was
assumed that at least 200 keV of energy deposition in the silicon
region of the detector is required for a neutron to be detected.

The efficiency of the DSNDS to fast neutrons can be further
improved by increasing the area of the internal thermal neutron
detectors. For example, the internal ring of detectors could be
replaced with a solid ring of detectors with the same radius of
11.5 cm. The ring could be pixelated into 36 elements each with an
area of 2�4 cm2 and a total detection area of 288 cm2. This ring
would reduce the angular spacing of the detectors to 101, improv-
ing the angular resolution. MCNP simulations, which agreed with
measurements for a single detector and a system of 16 detectors,
determined that the detection ring would provide an intrinsic
efficiency of 1.25%. Implementing these rings in each of the
5 stacked disks would increase the effective detection area by a
factor of about 5, and simulations estimate that this configuration
would increase the intrinsic efficiency to 4.6%.

3. Experiments with different neutron spectra

Experiments performed at RPI aimed to demonstrate that the
DSNDS can achieve the desired design goals of determining the
relative angle of the source location and collecting information about
the energy spectrum of an unknown neutron source. The experi-
mental configuration is represented by Fig. 5, where RPI’s DSNDS was
positioned along with a 252Cf source, which was suspended in the
laboratory in one of three configurations: bare (no moderator),
reflected, and moderated, which were created using a 5.08 cm (1″)
HDPE disk as a moderator and reflector. These three source config-
urations result in neutron spectra with decreasing fractions of fast
neutrons. After these three measurements were performed and an
empirical relationship was formed, a fourth spectrum was created in
order to test the system’s ability to measure an unknown neutron
spectrum. The test source configuration was created by moderating
the 252Cf source with 1.27 cm (0.5″) of HDPE. A final experiment was
performed with a 5-cm Pb shield in front of the source in order to
investigate the effect of a high-Z shield on the neutron spectrum.

Each of the aforementioned measurements was performed
with the source positioned 1.15 m away from the cylinder, aligned
axially and laterally with the 01 detector. This source-detector
distance was chosen to represent a survey measurement taken in a
real-world situation, e.g. within a shipping container. The source-
detector distance does affect the response of the DSNDS; for
instance, increasing the distance increases the contribution of
scattered neutrons from the surroundings, resulting in softer
measured neutron spectra. This effect is difficult to account for
because the DSNDS is sensitive to externally-scattered neutrons
and it should be considered when interpreting the spectral results
of the DSNDS. Additionally, when the distance between the source

and the DSNDS is small, the external detectors become signifi-
cantly closer to the source than the internal detectors, over-
estimating the hardness of the source. MCNP 6.1 simulations
verified that the DSNDS will perform as designed when the
source-detector distance is greater than 0.5 m.

Measurements performed with the DSNDS for the purpose of
this paper included a single detection disk (one internal and one
external ring) and were not designed to investigate the system’s
ability to determine the relative height of a neutron source.
However, MCNP simulations verify that varying the height of the
source from z¼�1.0 m to z¼1.0 m doesn’t change the calculated
two-dimensional angle or hardness of the source spectrum when
the source-detector distance is 40.5 m. Changing the height will
decrease the absolute count rate due to the small solid-angle,
which can be overcome by a longer counting time. Stacking
multiple detection disks would provide the ability to gather
information and quantify the relative height of the neutron source
in a similar fashion to the method of determining the two-
dimensional angle proposed in the subsequent section.

3.1. Determination of the source spectrum

The neutron energy spectra of the three initial experimental source
configurations were simulated with MCNP6.1 using a typical fission
neutron energy spectrum. The MCNP inputs included the surrounding
features of the laboratory, i.e. the concrete walls and floor, in order to
represent external neutron scattering. The three source spectra repre-
sented in Fig. 6 were used to determine the fast neutron factor
(FNF), which is defined as the fraction of neutrons above 1.0 eV, as
seen in Table 1. The cutoff of 1.0 eV was chosen in order to effectively
separate the neutron spectrum into two regions: the fast neutron
region where neutrons are not fully moderated and the thermal
neutron region where the neutron energy is defined by the Maxwell–
Boltzmann distribution. The response of the DSNDS to the three
characterized neutron spectra was used as a benchmark to characterize
the system.

The measured responses of the internal detectors were normal-
ized to the 01 detector and are plotted as a function of the detector
angular position in Fig. 7.

The moderated source configuration has the softest energy
spectrum and results in the narrowest distribution. Conversely,
the bare source has the hardest spectrum and results in the
broadest angular distribution. The reflected source, which has an
intermediate spectrum, has a shape which lies between the
moderated and bare source configurations, evident in Fig. 7. The
normalized internal detector responses from Fig. 7 were character-
ized by measuring the full width at half maximum (FWHM), which
are shown in Table 2. This parameter provides useful information
about the incident source spectrum; however, the distribution
cannot be created immediately, as it requires statistically significant
counts from multiple detectors. The measurements shown in
Fig. 7 were collected for 300 s with a distance of 1.15 m between
the DSNDS and the 252Cf source, resulting in 3650 counts by
the 01 internal detector and an average of 2410 counts by the five
highest-counting detectors (located at 7901, 7451, and 01). The
uncertainty of the measurements assumes Gaussian statistics,
where the standard error is the square root of the counts for each
data point.

A calculation was performed in order to determine the count
time required to achieve an average uncertainty of o15% for each
of the five detectors located at 7901, 7451, and 01 when the
system is deployed 1.15 m from a given sample of SNM. Arbitrarily, a
sample of 0.5 kg of weapons grade plutonium (93% 239Pu and 7%
240Pu) was chosen, which has a neutron emission rate of
3.6�104 n/s due to the spontaneous fission of 239Pu and 240Pu
[23]. Based upon the count rates measured with the 252Cf source
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and the relative strength of the arbitrary Pu sample, a measurement
time of 830 s (13.8 min) would be required to achieve an uncer-
tainty of o15% for each the five detectors between �901 and 901.

A second spectral measurement involving the internal and
external detectors was performed in order to provide a more
immediate analysis for real-time surveys. The internal-to-external
ratio was calculated by dividing the summed response of the
internal detectors by the summed response of the external detec-
tors. The measured ratios of the internal-to-external detector
responses with and without a Cd decoupler are shown in Table 2,
along with the simulated FNF and the measured FWHM. The use of
a Cd decoupler improves the system’s sensitivity to variations in the
hardness of the neutron spectrum. The FWHM for the three sources
is shown in Fig. 8a, and the internal-to-external ratio corresponding
to the three sources is depicted in Fig. 8b. The steep increase in the
measured parameters (FWHM and Internal-to-External Ratio)
above a FNF of 0.94 shows the sensitivity of the system to small
changes in the neutron spectrum in this region; however, additional
data would produce a smoother curve and provide a more accurate
spectral quantification for an unknown neutron source.

A fourth neutron spectrum was measured with the DSNDS in
order to test the sensitivity of the DSNDS to small changes in the
neutron spectra and simulate the process of measuring an uni-
dentified source. The measurement was performed with a Cd
sheet surrounding the DSNDS in similar fashion to the three
benchmark experiments. This test source configuration was cre-
ated by moderating the 252Cf source with a large, 1.27 cm (0.5″)-
thick HDPE sheet (Fig. 5). The FNF of this neutron spectrum was
determined by MCNP simulation to be 0.94. This spectrum has a
FNF which lies between the bare 252Cf and reflected 252Cf source
configuration (0.95 and 0.93, respectively); the simulated neutron
spectra of the test source configuration and bare source config-
uration are shown in Fig. 9.

The response of the internal detectors of the DSNDS corre-
sponding to the test source configuration can be seen in Fig. 10.
This configuration yields a FWHM of 126741 and an Internal-to-
External ratio of 15.170.2; both fall between the bare 252Cf source
and the reflected 252Cf source. The empirical relationships created
by the three original source configurations shown in Fig. 8 were
interpolated in order to quantify the FNF using the FWHM and
Internal-to-External ratio measured from the DSNDS. The results
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Fig. 5. Experimental configuration used to represent laboratory experiments where the 252Cf source was aligned with the 01 detectors of the DSNDS in one of four different
source configurations: bare, moderated (5.08 cm HDPE), lightly moderated (1.27 cm HDPE), or reflected.
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Fig. 6. MCNP-simulated neutron flux per source neutron incident on the DSNDS
corresponding to three 252Cf source configurations.

Table 1
Three source configurations characterized by the
FNF: the fraction of neutrons above 1 eV.

Source FNF (41.0 eV)

Bare 0.95
Reflected 0.93
Moderated 0.85
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Fig. 7. Experimental and MCNP-simulated distribution of the relative count rates of
the internal ring of detectors corresponding to three source spectra.

Table 2
Simulated fast neutron factor (FNF) for three source configurations and the
associated measured FWHM of the detector system’s normalized response and
the internal-to-external detector ratios with and without the Cd decoupler.

Source FNF FWHM
[1]

Internal-to-external
ratio with Cd

Ratio without Cd
decoupler

Bare 252Cf 0.95 13274 26.171.1 5.870.5
Reflected 252Cf 0.93 11074 11.970.3 4.170.4
Moderated 252Cf 0.85 8974 7.370.2 1.270.2
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are shown in Table 3, which demonstrates the relationship
between the FNF determined by MCNP simulation and the
Internal-to-External ratio and FWHM.

These results demonstrate that the DSNDS is sensitive to small
changes in a neutron energy spectrum by the determination of the
FWHM and Internal-to-External ratio. Additionally, the informa-
tion provided by the DSNDS can be used to determine the FNF of
an unknown neutron spectrum by the interpolation of an empiri-
cal relationship created from measurements with multiple known
neutron spectra. Determining the FNF of a source using the DSNDS
provides information about a potentially hidden neutron source.
For instance, a large FWHM confirms that the source has a fast
neutron fraction near unity, which indicates that a neutron source
is relatively unmoderated. Conversely, a smaller fast neutron
fraction indicates that a source is moderated.

An additional experiment was performed in order to investigate
the effect of shielding a neutron source with a high-Z material. This
experiment models the scenario where a sample of diverted SNM is
shielded to prevent the discovery of the diverted material by
gamma detection. This source configuration involved shielding the
252Cf source with a 5-cm-thick Pb slab. The simulated spectrum
corresponding to this configuration is normalized and compared to
the bare 252Cf source spectrum and can be seen Fig. 11.

The Pb-shielded spectrum is nearly indistinguishable to the bare
252Cf source spectrum. The FNF was determined from the spectrum
in Fig. 11 to be 0.95. The FWHM and Internal-to-External ratio were
determined experimentally, and Table 4 shows a comparison of the
Pb-shielded source and the bare source spectra and the DSNDS-
measured parameters. As expected, the Pb-shielded source results
in similar values for the FWHM and Internal-to-External ratio since
high-Z materials are poor neutron moderators.

3.2. Determination of two-dimensional source angle

The data collected from the DSNDS can be used to determine
the angle between the detector system and the source, which can
be used in order to determine the location of a hidden neutron
source. The angle is determined by first identifying the detector
with the greatest calibrated count rate; the angular position of this
detector and its associated count rate are denoted Θ and R(Θ),
respectively. Similarly, the detectors adjacent to Θ are termed
ΘþΔΘ and Θ�ΔΘ, where ΔΘ is the angular spacing between
adjacent detectors. A linear interpolation given in Eq. (1) was
performed on the normalized count rates to approximate the
source angle corresponding to the peak of the count rate

distribution. This angle indicates the direction of the neutron
source. The linear interpolation uses the normalized count rates
of the detectors adjacent to the detector with maximum count
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Fig. 8. Empirical relationship between (a) the measured FWHM and FNF and (b) the measured Internal-to-External ratio and FNF.
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Fig. 9. MCNP-simulated neutron flux per source neutron incident on the DSNDS
corresponding to the bare source configuration and the test source configuration in
which a 252Cf source was moderated by 0.5″ of HDPE.
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internal ring of detectors corresponding to the test source configuration.
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rate, R(Θ), which are denoted as R(ΘþΔΘ) and R(Θ�ΔΘ).

Angle 1½ � ¼ R ΘþΔΘ
� ��R Θ�ΔΘ

� �

2�½R ΘþΔΘ
� �þR Θ�ΔΘ

� ��n
ΔΘ 1½ �

2
þΘ½1� ð1Þ

3.2.1. Angular resolution
The angular resolution of the system is dependent on the incident

neutron spectrum, the angular spacing of the detectors, the counting
statistics of the system, and the empirical model used to quantify the
angle. The angular resolution is impacted by the incident neutron
spectrum because the spectral hardness affects the width of the
distribution of the internal detectors’ relative responses, as discussed
in Section 3.1 and seen in Fig. 7. The wider distribution correspond-
ing to a hard neutron spectrumwill have a poorer angular resolution
than the narrower distribution of a soft neutron spectrum. The
angular spacing of the detectors in this system is 451, but additional
detectors could be used to reduce the spacing. Additional detection
disks could also be stacked and offset by an angle of ΔΘ/n, where n
is the number of stacked disks, to improve the angular resolution of
the DSNDS. The counting statistics of the system depend on the
strength of the neutron source, the distance between the source and
the DSNDS, the efficiency of the system, and the counting time.

Previous Monte Carlo simulations using MCNP6.1 modeled three
source configurations of a fission neutron source at a distance of
1.15 m, aligned axially with the 01 detector. These simulations were
described in detail in Section 3.1, which demonstrated agreement with
the experimentally-measured detector responses shown in Fig. 7. The
MCNP6.1 input files corresponding to the bare and moderated source
configurations were used to model an internal ring of sixteen
detectors with a symmetric angular spacing of 22.51. Since the internal
ring of detectors is symmetric, a shift in the distributed detector
responses by 22.51 simulates a change in the source position of the
same angle. These simulations were used to demonstrate the sensi-
tivity of the DSNDS to a change in the relative source angle for the bare
and moderated neutron source configuration and can be seen in
Fig. 12. The simulations were run with 108 histories with the source
modeled 1.15 m from the DSNDS, which results in a maximum relative
uncertainty of 5% for the five detectors between �901 and 901.

In order to demonstrate the resolution of the DSNDS in a real-
world scenario, the uncertainty of each detector response was
calculated corresponding to the neutron emission of the SNM

Table 3
DSNDS response to a test neutron source configuration.

Source Simulated
FNF

Measured
FWHM [1]

Interpreted
FNF from
Fig. 8a

Measured
internal to

external ratio

Interpreted
FNF from
Fig. 8b

Test 0.94 12674 0.94 15.170.2 0.94

10-8 10-7 10-6 10-5 10-4 10-3 10-2 10-1 100 101
10-7

10-6

10-5

10-4

10-3

10-2

10-1

10 0

10 1

10 2

 Bare
 5cm of Pb shielding

Fl
ux

 [n
/c

m
2 /s

/M
eV

]

Neutron Energy [MeV]

Fig. 11. MCNP-simulated neutron flux per source neutron incident on the DSNDS
corresponding to the 252Cf source shielded with 5 cm of Pb, which is compared to
the bare 252Cf neutron spectrum.

Table 4
Comparison of Pb-shielded and bare 252Cf source spectra and DSNDS-measured FWHM and internal-to-external ratio with the Cd decoupler.

Source Simulated
FNF

Measured FWHM
[1]

Measured internal-to-external ratio with Cd
decoupler

Interpreted FNF from
Fig. 8a

Interpreted FNF from
Fig. 8b

Bare 252Cf 0.95 13274 26.171.1 0.95 0.95
Pb-shielded 252Cf 0.95 13074 25.471.3 0.95 0.95
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Fig. 12. MCNP simulations demonstrating the sensitivity of the DSNDS to a 22.51 shift in the source angle with error bars corresponding to the 252Cf source emitting 3�107 n
at the 1.15 m position for: (a) the bare 252Cf source and (b) the 252Cf source moderated by 5 cm of HDPE.
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sample previously mentioned in Section 3.1. The hypothetical
0.5 kg sample of weapons grade Pu emits 3.6�104 n/s, and it
was previously determined that the measurement would take
830 s in order to achieve o15% uncertainty in the 5 detectors
between �901 and 901, resulting in 3�107 emitted neutrons.
Previous experiments with the 0.13 mCi 252Cf source at the same
position for 300 s provided detector responses corresponding
3.6�108 emitted fission neutrons. The internal detector responses
of these experiments were scaled in order to calculate the same
detector responses associated with the Pu sample, which emits
3�107 neutrons in the aforementioned timeframe. The absolute
uncertainty of each detector was calculated using the scaled
detector responses, which are depicted by the error bars in Fig. 12.

The shifted distributions in Fig. 12a and b show that the DSNDS
is more sensitive to changes in the source position corresponding
to the softer (moderated) neutron spectrum shown in Fig. 12b.
Table 5 contains the simulated detector responses corresponding
to the bare and moderated source configuration with uncertainties
calculated for two source strengths. The data demonstrates that
the angular resolution of the DSNDS is heavily dependent on the
counting statistics of the individual detector responses.

The angular resolution of the DSNDS using the linear interpola-
tion model, eight internal detectors with an angular spacing of 451,
and counting statistics corresponding to 3�107 emitted neutrons
at a distance of 1.15 m from the DSNDS results in a prediction of the
source angle with a relatively large uncertainty: 7261 for a bare
fission source and 7121 for a fission moderated by 5 cm of HDPE.
This resolution is low, but the measurement still provides useful
information about the position of a hidden neutron source. Experi-
mental results corresponding to 7.2�108 emitted neutrons at a
distance of 1.15 m from the DSNDS result in an angular uncertainty
of 781 and 731 for the bare and moderated source configurations,
respectively. The angular resolution and overall efficiency of the
system can be improved by the addition of more detectors with
reduced angular spacing. The modularity of this design allows for
the DSNDS to be improved in order to meet specific target criteria,
e.g. efficiency and angular resolution.

4. Conclusions

The advancement of compact, solid-state thermal detectors has
provided the opportunity to develop new applications related to
neutron detection. The flat, compact devices developed at RPI
operate with zero bias voltage, demonstrate scalability to large
surface areas, have an intrinsic thermal neutron efficiency of �29%
at 0.0253 eV, and low gamma sensitivity [10]. The cost of each
device in mass production is expected to be less than existing
detectors, and because the detectors do not require bias for

operation, the cost of the associated electronics is also reduced
[24,25]. These characteristics have made possible the development
of the presented modular DSNDS.

The DSNDS has demonstrated the ability to provide information
about the location and energy of an unidentified, hidden neutron
source. This information is in the form of the relative source angle,
which narrows down the location of a neutron source. This angle
may provide adequate information to locate the source; however,
more information may be useful if the source is not exposed. In this
case, the spectral information can be used to determine how heavily
the source is moderated. The level of moderation can provide
information related to the amount of moderating material covering
the source. The DSNDS is sensitive to shielding with hydrogenous
material and relatively insensitive to high-Z attenuation. The system
can provide spectral information with as few as two detectors, but
the system has a modular design allowing for increased detection
efficiency and angular granularity at the expense of increased cost.

The DSNDS was designed for, but not limited to, the effort to
survey shipping containers for diverted SNM. This system was tested
with a reasonable source–detector distance of 1.15 m, but simulations
demonstrate that the system can operate at as calibrated at distances
greater than 1.0 m. Additionally, it was demonstrated that the DSNDS
can provide a spectral and positional analysis of an unidentified
neutron source in minutes—depending on the source strength,
source-detector distance, and source attenuation. A quicker measure-
ment can be made using a supplementary spectral analysis utilizing
the internal-to-external detector response ratio. The DSNDS could
reduce the time associated with the process of surveying containers
for diverted SNM, reducing the unwanted economic effects of
monitoring millions of shipping containers for SNM annually. Further
development of the DSNDS should include an investigation of the
system’s effectiveness and time-requirements with variable source
strengths and in environments with background neutron radiation.
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