
Nuclear Inst. and Methods in Physics Research, A 866 (2017) 252–264

Contents lists available at ScienceDirect

Nuclear Inst. and Methods in Physics Research, A

journal homepage: www.elsevier.com/locate/nima

Real-time neutron source localization and identification with a hand-held,
volumetrically-sensitive, moderating-type neutron spectrometer
C.B. Hoshor a, E.R. Myers a, T.M. Oakes b,c, S.M. Young a, J.E. Currie a,e, P.R. Scott a,e,
W.H. Miller c,d, S.L. Bellinger f,g, D.S. McGregor f, A.N. Caruso a,*
a Department of Physics, University of Missouri — Kansas City, Kansas City, MO, United States
b Sandia National Laboratories, National Nuclear Security Administration’s Kansas City National Security Campus, Kansas City, MO, United States
c Nuclear Science and Engineering Institute, University of Missouri – Columbia, Columbia, MO, United States
d Missouri University Research Reactor, Columbia, MO, United States
e U2D Incorporated, Kansas City, MO, United States
f Department of Mechanical and Nuclear Engineering, Kansas State University, Manhattan, KS, United States
g Radiation Detection Technologies, Manhattan, KS, United States

a r t i c l e i n f o

Keywords:
Neutron spectrometer
Solid-state neutron detector
Neutron source identification
Neutron source localization
Portable neutron detector
Moderating spectrometer

a b s t r a c t

Measuring source-dependent properties of free neutrons over a large neutron energy range, with hand-portable
instrumentation, continues to push the frontier of neutron detection instrumentation design and analysis
techniques. Building on prior work – C.B. Hoshor, et al., A portable and wide energy range semiconductor-based
neutron spectrometer, Nucl. Instrum. Methods Phys. Res. A 803 (2015) 68–81 – which focused on demonstrating
one-dimensional-based energy-dependent neutron measurement and analysis with a new class of solid-state
moderating-type spectrometer, this work introduces two ‘‘core’’ algorithmic methodologies that expand the
analysis of neutron thermalization measurements to three spatial dimensions to determine the location and
identity of neutron radiation sources in real time. Two extensions of these core methodologies are then proposed
to further improve both the accuracy and reliability of source location and identity determinations with this new
class of hand-held instrumentation. In 432 preliminary simulation tests, these method extensions are shown to
decrease the average source location error by 64% and provide correct identity determinations in all test cases.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

1.1. Background and motivation

Hand-held instruments that passively detect, locate, and identify
unknown sources of neutron radiation – either bare or obscured
(i.e. shielded) by neutron moderating and/or absorbing material(s) –
in real time, are important to nuclear non-proliferation applications.
This application space requires real-time energy-sensitive measurement
of free neutrons, ranging from thermal energies (∼25 meV) to the top
end of the evaporation spectrum (∼20 MeV). To this end, the first
representatives of a new class of solid-state moderating-type neutron
spectrometer [1] have been iteratively designed to improve on multi-
sphere- [2,3] and long-counter-based [4] moderating-type neutron spec-
trometers (see [1,5], and references therein, for information on prior
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art and history of development). Improvements include reduced instru-
ment mass, greater detection efficiency than the present art, and real-
time analysis of energy-sensitive neutron thermalization measurements
in three spatial dimensions. It is the unique, energy-sensitive, three-
dimensional neutron thermalization information afforded by this new
class of instruments (introduced in [1]), coupled with the analysis
techniques discussed herein, that is novel, and will be the primary focus
of this work.

1.2. The 6C hand-held solid-state neutron spectrometer

Although the general methodologies introduced in this work could
be applied to a wide variety of similar instrument designs, the discussion
herein will primarily focus on the research team’s most successful
instrument to date, the 6C (6-inch Cylindrical) moderating-type neutron
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spectrometer. This section will provide a brief description of the 6C neu-
tron spectrometer and the unique neutron thermalization information
afforded by the instrument.

The active portion of the 6C neutron spectrometer, as shown in
Fig. 1.1(C), consists of 8 neutron detector daughter boards evenly-
spaced (axially) within a cylindrical volume (diameter = 6′′, length =
12′′) of high density polyethylene (HDPE) moderator. Each of the 8
detector daughter boards (Fig. 1.1(A)) is composed of a 4 × 4 square
array of 2.0-cm × 2.0-cm microstructured neutron detectors (MSNDs).
The MSND-based boards, developed and manufactured by Radiation
Detection Technologies (RDT), are comprised of Si diodes, etched to
form trenches and backfilled with 6LiF powder; the MSND variant used
in this work has an empirical thermal neutron detection efficiency of
𝜂th ≈ 22% (the MSND detection mechanism has been described in detail
previously [6]).

The fundamental novelty of the 6C spectrometer’s design is that the
internal array of 128 thin (≈525 μm), semiconductor-based, thermal
neutron detectors (MSNDs) provides high neutron detection efficiency
and volumetric resolution of the average neutron thermalization along
three coordinate axes within the moderator–detector assembly, with
minimal displacement of the moderating medium. The primary goal of
this work is to introduce novel algorithmic methodologies that utilize
this highly-efficient, statistically-predictable, three-dimensional neutron
thermalization information (see Fig. 1.2) to determine the relative
location and the identity of neutron radiation sources in real time.
Sections 2 and 3 of this paper will introduce and discuss the ‘‘core’’
methods (currently implemented in the 6C spectrometer software) for
determining the relative location and the identity of neutron sources.
Sections 4 and 5 will then explore extensions of – and potential
improvements to – these core methodologies.

2. Neutron response vectorization (NRV) method for determining
neutron source location

2.1. NRV method description

The simulations represented in Fig. 1.2 illustrate the statistically-
predictable dependence of the 6C spectrometer response (i.e., MSND
detection intensities as a function of location within the moderating
medium) with respect to the relative angular position of a neutron
source of interest in the horizontal plane. Utilizing this dependence,
the currently implemented algorithm for determining the location
of a neutron source (relative to the 6C spectrometer) employs a 3-
dimensional vector-summing method called the neutron response vec-
torization (NRV) method (note: the discussion in this section will be
in terms of the common coordinate system defined in Figs. 1.2(A) and
2.1(A) unless otherwise specified). In the first step of this method, each
neutron detector in the instrument is assigned a vector, r 𝑙, describing its
physical location relative to the midpoint of the moderating medium’s
central axis (Fig. 2.1(B)),

r 𝑙 =
⎡

⎢

⎢

⎢

⎣

𝑥𝑙
𝑦𝑙
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, for 𝑙 = 1,… , 𝑄, (2.1)

where 𝑄 is the total number of detectors in the system (for the 6C
spectrometer, 𝑄 = 128). Next, geometric corrections are made to
account for instrument asymmetries. By way of example, in the case of
the 6C spectrometer, since the internal MSND arrays form a rectangular-
prism-shaped grid within the moderator volume (as shown in Fig. 1.2),
the currently-implemented NRV algorithm for this instrument employs
a vector of Cartesian geometric expansion coefficients, 𝛬 = [𝜆𝑥, 𝜆𝑦, 𝜆𝑧]𝑇 ,
to multiplicatively transform the position vectors, r 𝑙 = [𝑥𝑙 , 𝑦𝑙 , 𝑧𝑙], from
their original rectangular prism orientation, to an expanded cubic form
(Fig. 2.1(C)). This transformation is given by

c𝑙 ≡ 𝑟𝑙◦𝛬 =

⎡
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, where (2.2)

𝜆𝑥 = 1, 𝜆𝑦 =
max(𝑥𝑙) − min(𝑥𝑙)
max(𝑦𝑙) − min(𝑦𝑙)

, and 𝜆𝑧 =
max(𝑥𝑙) − min(𝑥𝑙)
max(𝑧𝑙) − min(𝑧𝑙)

,

(the operator "◦" represents the Hadamard product, i.e., element-wise
multiplication). These cubic-oriented position vectors are then normal-
ized to form spherically-oriented unit vectors (Fig. 2.1(D)),

u𝑙 ≡
c𝑙
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(2.3)

Since these vectors are oriented spherically, they possess the highest
degree of rotational symmetry achievable for the discrete system (i.e., 𝑄
discrete unit vectors, u𝑙 , 𝑙 = 1,… , 𝑄). With geometric asymmetries
aptly accounted for and each position vector normalized, the number
of neutron counts registered by each detector, 𝑁𝑙, is then multiplied by
its associated unit vector, u𝑙, yielding a set of detector response vectors
(Fig. 2.1(E))

d𝑙 ≡ 𝑁𝑙 ⋅ u𝑙 = 𝑁𝑙 ⋅
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All 𝑄 detector response vectors are then summed, resulting in a single
resultant vector (Fig. 2.1(F)),

v(𝑅) ≡
𝑄
∑

𝑙=1
d𝑙 =

𝑄
∑

𝑙=1
𝑁𝑙 ⋅

r 𝑙◦𝛬
|r 𝑙◦𝛬|

=
𝑄
∑

𝑙=1

𝑁𝑙
√

(

𝑥𝑙 ⋅ 𝜆𝑥
)2 +

(

𝑦𝑙 ⋅ 𝜆𝑦
)2 +

(

𝑧𝑙 ⋅ 𝜆𝑧
)2

⋅

⎡

⎢

⎢

⎢

⎣

𝑥𝑙 ⋅ 𝜆𝑥
𝑦𝑙 ⋅ 𝜆𝑦
𝑧𝑙 ⋅ 𝜆𝑧

⎤

⎥

⎥

⎥

⎦

. (2.5)

Since this equation is expressed in terms of each detector’s physical
position, 𝑟𝑙 (predetermined/constant), and number of counts registered,
𝑁𝑙 (measured/variable), with geometric expansion coefficients, 𝛬 (pre-
determined/constant) as defined in Eq. (2.2), this resultant vector can be
calculated from Eq. (2.5), alone, as the measured data accumulates (i.e.,
in real time). The direction of the resultant vector, v(𝑅), indicates the
region of the instrument with the highest average detection intensity,
and its magnitude is proportional to the degree of spatial localization (or
dispersion) of this high intensity region. It is important to note here that
both the direction and magnitude of v(𝑅) are altered, to some degree,
with the introduction of any geometric asymmetry corrections, and this
must be carefully considered in light of an instrument’s design. However,
in the case of the 6C spectrometer, the correction step described in
Eq. (2.2) has been shown to improve the accuracy of this method – in
comparison to skipping this step – regardless of source-to-spectrometer
relative angular orientation, and has thus been incorporated into the
core NRV methodology described here, by way of example. This vector,
v(𝑅), is then normalized to produce a resultant unit vector, u(𝑅), in the
expected direction of the neutron source of interest (Fig. 2.1(G)),
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. (2.6)

Fig. 2.1(B)–(D), provides a step-by-step visualization of the six major
steps of the NRV method. For the example shown in Fig. 2.1, the NRV
method was applied to a simulated 6C spectrometer response to a bare
252Cf point source 2 m from what will be defined here as the moderating
cylinder’s circular ‘‘front face’’, located at 𝑥 = −12.6 cm in Figs. 1.2(A)
and 2.1(A) (i.e., the leftmost circular face in Fig. 1.1(B)–(D)). Notes: (1)
Figs. 1.2(A) and 2.1(A) depict same simulated response data, (2) the
252Cf energy spectrum used in this simulation is a ‘‘measured’’ spectrum
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Fig. 1.1. Photographs and renderings of a prototype 6C system; showing (A) an individual printed circuit board with mounted microstructured neutron detectors, (B) assembly
view showing the 8 boards within the moderator volume (composed of 8 recessed HDPE slabs), motherboard, capacitive touch screen display, Li-ion battery pack, and transparent
polycarbonate case (CPU not displayed), (C) assembled instrument with the case, touch screen display, battery pack, and CPU removed, and (D) fully assembled 6C neutron spectrometer
(handle removed).

Fig. 1.2. Simulated examples of 6C spectrometer responses – relative MSND detection intensities (color scale) as a function of (𝑥, 𝑦, 𝑧) position (in cm, coordinate system shown in Figure
A) within the cylindrical moderator volume – to a bare 252Cf spontaneous fission neutron source [7,8] at a standoff distance of 2 m; showing relative source-to-spectrometer angular
orientations of (A) 0◦, (B) 30◦, (C) 60◦, and (D) 90◦. Common color scale: highest detection intensity = Red → lowest detection intensity = Dark Blue, normalized to Figure A. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

(specifically, an unfolded spectrum from Bonner sphere spectrometer
measurements, in which the shadow cone method was employed to
eliminate environmental scatter contributions; [7,8]), (3) in the com-
mon coordinate system shown in these figures, the position of the 252Cf
point source was [−212.6 cm, 0 cm, 0 cm], (4) no environmental factors,
other than the presence of air, were included in this simulation (i.e., no

floor/ground, ceiling, walls, objects, etc. were simulated), (5) in total,
90594 neutrons were detected by the instrument in this simulation.

The resultant unit vector obtained through application of the
NRV method to this simulated 6C spectrometer response (shown in
Fig. 2.1(G)) is u(𝑅) ≅ [−0.999994,−0.001653,−0.003025], extremely close
to the true (normalized) source direction, [−1, 0, 0], in this idealized
case (i.e., no environment simulated). However, in most real-world

254



C.B. Hoshor et al. Nuclear Inst. and Methods in Physics Research, A 866 (2017) 252–264

Fig. 2.1. (A) Simulated 6C spectrometer response to a bare 252Cf point source located at [−212.6, 0, 0] in the defined coordinate system (axis labels common in Figures A–H). Step-by-step
visualization of the NRV method, applied to (A); showing (B) initial detector position vectors r 𝑙 (Eq. (2.1)), (C) post-asymmetry-correction cubic-oriented position vectors c𝑙 (Eq. (2.2)),
(D) post-normalization spherically-oriented unit vectors u𝑙 (Eq. (2.3)), (E) detector response vectors d𝑙 (Eq. (2.4); dotted projection lines added for visual clarity), (F) summed resultant
vector v(𝑅) (Eq. (2.5)) with magnitude proportional to the degree of spatial response localization (or dispersion), and (G) resultant unit vector u(𝑅) (Eq. (2.6)) in the suspected direction
of the neutron source. (H) NRV method result shown in context of Figure A.
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environments, when an empirical measurement is taken in this source-
to-spectrometer angular orientation, a small but non-negligible portion
of the detected neutrons will undergo scattering interactions (and
resultant energy loss) from the ground before entering the instrument
volume (note: other sources of room return are discussed below),
creating a vertical asymmetry in the instrument response. This response
asymmetry results in a false and non-negligible u(𝑅) vector component in
the −𝑧̂ direction (i.e., downward; typically between −1◦ and −10◦ from
the horizontal plane, depending upon environmental conditions). The
fact that this 𝑧̂ component is not indicative of the true source position,
highlights the primary shortcoming of the NRV method (see [9] for
additional information and examples). From measurements amassed on
the 6C spectrometer, the instrument’s response in the vertical dimension
has empirically proven to be much more sensitive to variations in
environmental scattering conditions than its horizontal-planar response
components (i.e., the instrument’s response is more sensitive to ground
scatter than other sources of room return, e.g., walls, ceilings, objects,
etc.). Hence, predicting the relative location of a neutron source in the
vertical dimension from 6C spectrometer measurements represents a
particularly challenging problem, and is outside the scope of this first
work regarding the NRV method; solutions will be addressed in future
work.

In light of these inherent difficulties regarding vertical angular
resolution, the remainder of this work regarding neutron source lo-
calization will primarily focus on determining the angular location in
the horizontal plane. To do so using the NRV method, consider the
projection of the vector v(𝑅) (as defined previously, Eq. (2.5)) onto the
horizontal 𝑥–𝑧-plane. Formally, this projection is given by

v(𝐻) ≡ v(𝑅) −
(

v(𝑅) ⋅ n
)

n,
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Thus, normalization of v(𝐻) yields the resultant unit vector,
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in the expected direction of the neutron source in the horizontal
plane. Note: due to our choice of coordinate system, this projection is
equivalent to ignoring the vertical component.

With u(𝐻) determined, providing a vector description of the expected
neutron source location in the horizontal plane, it is now possible to
provide a corresponding angular description. The relative source-to-
spectrometer angular orientation in the horizontal 𝑥–𝑧-plane, 𝜃, will be
defined in this work as the angle (measured counterclockwise) between
a unit vector in the −𝑥̂ direction, [−1, 0, 0]𝑇 (toward the front face of the
instrument), and the vector position of the neutron source of interest,
projected onto the horizontal plane,

[

𝑥𝑠𝑜𝑢𝑟𝑐𝑒, 0, 𝑧𝑠𝑜𝑢𝑟𝑐𝑒
]𝑇 . Following this

definition, the relative source-to-spectrometer angular orientation in
the horizontal 𝑥–𝑧-plane, as predicted by the NRV method, 𝜃NRV, may
then be calculated as the angle (measured counterclockwise) between
[−1, 0, 0]𝑇 and u(𝐻) =

[
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. Eq. (2.9), below, shows how

𝜃NRV (in radians) is calculated in the 6C spectrometer software, condi-
tional upon the values of the 𝑥- and 𝑧-axial components of u(𝐻) obtained

from Eq. (2.8) (𝑢(𝐻)
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(2.9)

2.2. 6C software implementation

As currently implemented in the 6C spectrometer software, the resul-
tant unit vector, u(𝐻), is displayed graphically – as an arrow indicating
the suspected direction of the neutron source of interest – and the
angular orientation, 𝜃, is displayed numerically on the source location
screen of the instrument’s graphical user interface (GUI) for both static
(stationary source and stationary instrument) and dynamic (moving
source and/or moving instrument) modes of operation, updating in real
time.

2.3. Empirical analysis of NRV method

2.3.1. Experimental setup
To empirically test the efficacy of the NRV method with the 6C

spectrometer, studies were conducted indoors, in the center of a 20-
ft. × 30-ft. × 11-ft. (height) room with concrete walls and floor (i.e., a
high neutron scattering environment, chosen to represent challenging
conditions for the NRV method), in which spectrometer measurements
were taken at a 2.0-m standoff distance from a bare 1.5 × 105-n/s
252Cf source, at relative angular orientations ranging from 0◦ to 180◦ in
+10◦ increments (19 empirical measurements total). Each measurement
was terminated once a cumulative count total of 3000 was exceeded
for counting-statistical certainty and consistency of results (3000 total
counts corresponds to a 95% confidence interval of approximately
±0.05◦ using standard error propagation). Measurements were also
taken from 180◦ to 360◦, but these are not shown in the figure because
the results from 360◦ to 180◦ in −10◦ increments were nearly identical
to the results from 0◦ to 180◦ in +10◦ increments due to instrument
symmetry.

2.3.2. Empirical results
The results of these empirical tests (Fig. 2.2) show that the NRV

method, applied to 6C spectrometer measurements, provided an accu-
rate determination of the relative horizontal-planar angular location of
the neutron source, in a high-scattering environment, with an average
angular error of ±7◦ (i.e., (1∕𝑛) ⋅

𝑛
∑

𝑖=1

|

|

|

𝜃(𝑖) − 𝜃(𝑖)NRV
|

|

|

= 7◦, with 𝑖 = 1,… , 𝑛

enumerating the empirical tests conducted). Although this average
angular error may be acceptable for many applications, a major goal
for this current work (as well as future methodological developments)
is to reduce the average error as much as possible, while also improv-
ing error consistency for all source-spectrometer angular orientations
(e.g., ‘‘measured angles’’, using the NRV method, are consistently less
accurate for ‘‘true angles’’ of 20◦–30◦ and 100◦–110◦ than those for true
angles of 70◦–80◦ and 160◦–170◦, which is not desirable).

It is important to note here that the apparent trend in the results
of Fig. 2.2 (from 0◦ to 90◦ and repeating from 90◦ to 180◦) is not
simply a statistical anomaly, nor is it due to systematic measurement
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Fig. 2.2. Summary plot of 6C empirical test results for determining source-to-spectrometer
angular orientation in the horizontal plane using the NRV method; showing instrument
measurements from a bare 1.5 × 105-n/s 252Cf spontaneous fission neutron source at a
2.0-m standoff distance. Measured angle = true angle line (solid black line) included for
reference.

error; this general trend is a direct consequence of the 6C spectrometer’s
cylindrical geometry (which is asymmetric in the horizontal 𝑥–𝑧-plane)
in combination with the applied NRV method. The consistency of this
observed trend indicates that further geometric-asymmetry corrections
can be applied to the NRV method, which could potentially decrease
the average angular error for the 6C spectrometer. One such potential
algorithmic improvement will be discussed in Section 5. Having now
introduced the core methodology used for determining source location
based on 6C spectrometer measurements, the next section will discuss
the core methodologies utilized to determine the identity of a neutron
source, and the way in which these methods are algorithmically imple-
mented.

3. Pearson product-moment cross-correlation spatial response
analysis techniques for neutron source identification

3.1. Pearson cross-correlation method description

The primary goal of the Pearson product-moment cross-correlation
methodologies discussed in this section is to determine the most prob-
able identity of a neutron source, based upon moderating-type spec-
trometer measurements, by exploiting the probabilistic – and therefore
statistically predictable – nature of neutron scattering and thermaliza-
tion in a hydrogenous moderating medium. To this end, these methods
employ correlation-based template-matching procedures to analyze the
response of a volumetrically-sensitive spectrometer in one 1, 2, and/or 3
spatial dimensions, in relationship to a ‘‘library’’ of a priori information
(i.e., a database of pertinent information that is knowable prior to
measurement). Although this underlying concept could be applied
to volumetrically-sensitive moderating-type instruments of nearly any
conceivable design, many aspects of such algorithms can potentially be
(and, in most cases, should be) specifically catered to the geometry of
a particular instrument. The remainder of this section will focus on the
methods developed specifically for the 6C spectrometer.

For a moderating-type instrument that is inherently invariant to
source-to-instrument relative angular orientation (e.g., an idealized
Bonner sphere spectrometer, BSS; [2,3]), techniques such as those
described in this section may be applied in a direct manner; however, for
angular-orientation-dependent instruments (e.g., the 6C spectrometer),
a reference orientation must be defined prior to application of the spatial
response analysis methodologies described herein. For the 6C spectrom-
eter, this reference orientation was chosen such that the instrument’s
front circular face is directed toward the neutron source of interest;

and operationally, the user is required – while in ‘‘source identification
mode’’ – to reorient the instrument to this reference orientation prior to
beginning a source identification data collection. If the user is unaware
of the location of a neutron source, the instrument software currently
provides a separate ‘‘source search mode’’, in which the NRV method
(discussed in Section 2) is employed to estimate the location of the
source (relative to the instrument) and display this information to the
user. Additionally, prior to the application of these spatial response
analysis methods, a library of expected or known spectrometer responses
must be uploaded to the instrument’s software. These responses, referred
to here as ‘‘library responses’’, are generated through either MCNP
simulation or empirical measurement – such that the front circular face
of the instrument is oriented toward the neutron source – to include as
many neutron source types and shielded variants as necessary for a given
application (e.g., a reasonably extensive library, pre-generated by the
research team, is included in the instrument’s software). Alternatively, a
priori source information may be uploaded in the form of neutron energy
spectra. In this case, the energy spectra must be normalized, rebinned,
and folded into (i.e., multiplied by) the instrument’s response matrix
(pre-loaded in the 6C software, for front-face orientation) to generate
expected response libraries for the new source type(s). Once all neutron
sources of interest are accounted for in the library, the responses are
grouped for 1-, 2-, and/or 3-dimensional analysis (discussed in Sections
3.1.1, 3.1.2, and 3.1.3, respectively). With the proper response libraries
uploaded and grouped, and the front face of the spectrometer oriented
in the suspected direction of the neutron source of interest, the user
may start the data collection for neutron source identification. During
data collection, the live response data is grouped for 1-, 2-, and/or 3-
dimensional real-time comparison to each individual library response
using the Pearson product-moment cross-correlation coefficient [10],
given by

𝑟A,B = 1
𝑛
⋅

𝑛
∑

𝑖=1

𝐴𝑖 − 𝐴̄
𝜎A

⋅
𝐵𝑖 − 𝐵̄
𝜎B

, (3.1)

where 𝑛 is the number of response groupings, A =
[

𝐴1, 𝐴2,… , 𝐴𝑛
]𝑇

represents the live collection response data set, B =
[

𝐵1, 𝐵2,… , 𝐵𝑛
]𝑇

represents one library response data set, and 𝐴̄, 𝐵̄, 𝜎A, and 𝜎B represent
the averages and standard deviations of response data sets A and B
respectfully. This coefficient results in a value in the range [−1, 1]
which is a measure of linear correlation (similarity) between the live
instrument response, A, and a particular library response, B, where
𝑟A,B = 1 indicates a total positive correlation (the responses are exactly
the same), 𝑟A,B = 0 indicates no correlation (the responses are entirely
different), and 𝑟A,B = −1 indicates a total negative correlation (the
responses are exactly opposite). The square of this correlation coeffi-
cient, 𝑟2A,B, called the coefficient of determination, results in a value in
the range [0, 1] which represents the magnitude of linear correlation
(similarity) between the two responses. The single library response
that is most positively correlated to the live response, according to the
value of 𝑟2A,B, is then chosen as the most likely source of the incident
neutron radiation (of the libraries uploaded). Note: the occurrence of a
negative correlation is extremely rare in this application; however, if a
correlation, 𝑟A,B, happens to be negative, the magnitude of correlation
is calculated as −

(

𝑟2A,B
)

, in order to avoid the misidentification of a
negatively correlated response data set.

3.1.1. 1-Dimensional spectrometer response analysis
For the 1-dimensional response analysis, the counts from all 16

MSNDs are summed for each of the 8 detector daughter boards, pro-
viding the spectrometer response as a function of axial depth (Fig. 3.1),
with each of the 8 data points given by

𝑁
(

𝑥𝑖
)

=
𝑛𝑧
∑

𝑘=1

𝑛𝑦
∑

𝑗=1
𝑁

(

𝑥𝑖, 𝑦𝑗 , 𝑧𝑘
)

, for 𝑖 = 1,… , 𝑛𝑥, (3.2)

where 𝑛𝑥, 𝑛𝑦, and 𝑛𝑧 are the number of unique 𝑥- 𝑦- and 𝑧-axial detector
positions, respectively (for the 6C spectrometer, 𝑛𝑥 = 8 and 𝑛𝑦 = 𝑛𝑧 = 4).
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Fig. 3.1. (A) Example of a 1-dimensional cross-correlation data grouping applied to a simulated 6C spectrometer response to a bare 252Cf neutron source, showing the 𝑥-axial grouping
for MSNDs located at 𝑥1 = −12.6 cm in the defined 3-dimensional coordinate system. (B) Linear plot of the grouped 1-dimensional spectrometer response, showing normalized neutron
detection intensity (arbitrary units) as a function of 𝑥-axial position (in cm) in the coordinate system defined in Figure A, resulting from application of Eq. (3.2) (black circles with red
linear interpolation lines). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

In this case, the Pearson product-moment cross-correlation coeffi-
cient takes the form

𝑟𝐶,𝐿 = 1
𝑛𝑥

⋅
𝑛𝑥
∑

𝑖=1

𝑁𝐶
(

𝑥𝑖
)

−𝑁𝐶 (𝑥)
𝜎N𝐶 (𝑥)

⋅
𝑁𝐿

(

𝑥𝑖
)

−𝑁𝐿 (𝑥)
𝜎N𝐿(𝑥)

, (3.3)

where N𝐶 (𝑥) = [𝑁𝐶 (𝑥1),… , 𝑁𝐶 (𝑥𝑛𝑥 )]
𝑇 represents the collection re-

sponse and N𝐿 (𝑥) = [𝑁L(𝑥1),… , 𝑁𝐿(𝑥𝑛𝑥 )]
𝑇 represents one library

response.

3.1.2. 2-dimensional spectrometer response analysis
Noting that the spectrometer responses appear to be radially sym-

metric about the central 𝑥-axis (see Fig. 3.1(A)), it may be beneficial to
extend our analysis to include the response’s radial dependence. For
this 2-dimensional response analysis, the MSND counts are summed
according to both their axial position and radial distance from the
cylindrical moderating medium’s central axis (three possible radii,
Fig. 3.2(A)) in cylindrical coordinates. This data grouping provides the
spectrometer response as a function of both radius and axial depth, with
each of the 24 data points (𝑛𝜃 = 12, 𝑛𝑟 = 3, and 𝑛𝑥 = 8 ⇒ 𝑛𝑟 ⋅ 𝑛𝑥 = 3 ⋅ 8)
given by

𝑁
(

𝑟𝑖, 𝑥𝑗
)

=
𝑛𝜃
∑

𝑘=1
𝑁

(

𝑟𝑖, 𝑥𝑗 , 𝜃𝑘
)

, for 𝑖 = 1,… , 𝑛𝑟; 𝑗 = 1,… , 𝑛𝑥. (3.4)

In this case, the Pearson product-moment cross-correlation coeffi-
cient takes the form

𝑟𝐶,𝐿 = 1
𝑛𝑟 ⋅ 𝑛𝑥

⋅
𝑛𝑥
∑

𝑗=1

𝑛𝑟
∑

𝑖=1

𝑁𝐶
(

𝑟𝑖, 𝑥𝑗
)

−N𝐶 (𝑟, 𝑥)
𝜎N𝐶 (𝑟,𝑥)

⋅
𝑁𝐿

(

𝑟𝑖, 𝑥𝑗
)

−N𝐿 (𝑟, 𝑥)
𝜎N𝐿(𝑟,𝑥)

, (3.5)

whereN𝐶 (𝑟, 𝑥) = [𝑁𝐶 (𝑟1, 𝑥1),… , 𝑁𝐶 (𝑟𝑛𝑟 , 𝑥𝑛𝑥 )]
𝑇 represents the collection

response and N𝐿 (𝑟, 𝑥) = [𝑁L(𝑟1, 𝑥1),… , 𝑁𝐿(𝑟𝑛𝑟 , 𝑥𝑛𝑥 )]
𝑇 represents one

library response.

3.1.3. 3-dimensional spectrometer response analysis
Although the spectrometer responses appear to possess radial sym-

metry, small differences between individual detector responses at equal
radial and axial positions may actually provide physical insight into
the essential scattering physics involved in the process (e.g. preferential
scattering angles for neutrons of particular energies, or room scatter
contributions resulting in response asymmetries). To take full advantage
of the response data collected, it may be beneficial to extend our analysis
further to include all three physical dimensions of the problem. For this
3-dimensional response analysis, the MSND counts are not summed.

Instead, each of the 128 MSNDs is considered as an individual data
point on a 3-dimensional grid (shown as squares in Figs. 3.1(A) and
3.2(A) above, color-coded according to their relative neutron detection
intensities). This method provides the most complete description of the
spectrometer response, representing it as a function of 𝑥-, 𝑦-, and 𝑧-axial
position within the spectrometer volume, 𝑁 (𝑥, 𝑦, 𝑧). In this case, the
Pearson product-moment cross-correlation coefficient takes the form

𝑟𝐶,𝐿 = 1
𝑛𝑥 ⋅ 𝑛𝑦 ⋅ 𝑛𝑧

⋅
𝑛𝑧
∑

𝑘=1

𝑛𝑦
∑

𝑗=1

𝑛𝑥
∑

𝑖=1

𝑁𝐶
(

𝑥𝑖, 𝑦𝑗 , 𝑧𝑘
)

−N𝐶 (𝑥, 𝑦, 𝑧)
𝜎N𝐶 (𝑥,𝑦,𝑧)

⋅
𝑁𝐿

(

𝑥𝑖, 𝑦𝑗 , 𝑧𝑘
)

−N𝐿 (𝑥, 𝑦, 𝑧)
𝜎N𝐿(𝑥,𝑦,𝑧)

, (3.6)

where N𝐶 (𝑥, 𝑦, 𝑧) = [𝑁𝐶 (𝑥1, 𝑦1, 𝑧1),… , 𝑁𝐶 (𝑥𝑛𝑥 , 𝑦𝑛𝑦 , 𝑧𝑛𝑧 )]
𝑇 represents the

collection response andN𝐿 (𝑥, 𝑦, 𝑧) = [𝑁L(𝑥1, 𝑦1, 𝑧1),… , 𝑁𝐿(𝑥𝑛𝑥 , 𝑦𝑛𝑦 , 𝑧𝑛𝑧 )]
𝑇

represents one library response.

3.2. 6C software implementation

The library name and 1, 2, and 3-dimensional coefficients of de-
termination (𝑟2) are displayed and updated in real time on the 6C
spectrometer’s user interface for the top 10 most correlated libraries
(10 libraries, 30 𝑟2 values total shown) in descending order, and may
be sorted by 1-D, 2-D, or 3-D coefficient at the operator’s discretion
(see Fig. 3.3, BOTTOM). In addition to this sorted table of values,
the operator may also choose to view a real-time-updating coefficient
of determination vs. time plot for the top 3 most correlated libraries,
providing further insight into the neutron source identification decision
as the collected data accumulates (Fig. 3.3, TOP).

3.3. Empirical analysis of Pearson cross-correlation methods

3.3.1. Experimental setup
To test and compare the efficacy of the 1-, 2-, and 3-dimensional

Pearson cross-correlation methodologies with the 6C spectrometer, an
experiment was conducted in the same 20-ft. × 30-ft. × 11-ft. room
described in Section 2.3.1 (concrete walls and floor), in which a 5-
min measurement was taken at a 5.0-m standoff distance from a bare
1.5 × 105-n/s 252Cf source, at the reference angular orientation, 0◦

(i.e., such that the instrument’s front circular face was directed toward
the neutron source). Throughout the 5-min data collection, the three
methods outlined in this section were applied once every second, and
the time-dependent results were stored for subsequent analysis. Each
time the methods were applied, the accumulated measurement data was
compared to the entire pre-generated library of neutron source types
and shielded configurations described in the beginning of Section 3.
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Fig. 3.2. (A) Example of a 2-dimensional cross-correlation data grouping applied to a simulated 6C spectrometer response to a bare 252Cf neutron source, showing the three radial
groupings for MSNDs located at 𝑥1 = −12.6 cm in the defined 3-dimensional coordinate system. (B) Surface plot of the grouped 2-dimensional spectrometer response, showing normalized
neutron detection intensity (arbitrary units) as a function of 𝑥-axial position (in cm) and radial position (in cm) in the coordinate system defined in Figure A, resulting from application
of Eq. (3.4) (black circles with red linear interpolation lines). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 3.3. Screen shot from the 6C spectrometer software taken during an empirical
laboratory test at a 5.0-m standoff distance from a bare 1.5 × 105-n/s 252Cf neutron source
(discussed in Section 3.3), showing a correct source identification decision 35 s into the
data collection. (TOP) Real-time-updating 𝑟2 value vs. time plot for the top three most
correlated source response libraries. (BOTTOM) Real-time-updating 1-D, 2-D, and 3-D
𝑟2 value table for the top ten most correlated source response libraries (for illustrative
purposes, only eight source libraries shown; sorted according to 1-D 𝑟2 value, in descending
order).

Only eight of these library responses will be discussed in the following
section for illustrative purposes: (1) bare 252Cf (the ‘‘true’’ source type
in this experiment, [7,8]), (2) bare AmBe [7,8], (3) bare PuBe [7,11],
(4) D–D fusion neutron generator (deuterium source–deuterium target,
∼2.5 MeV), (5) D–T fusion neutron generator (deuterium source–tritium
target, ∼14.1 MeV), (6) 252Cf enclosed in a 1 in. sphere of high density
polyethylene (HDPE), (7) AmBe enclosed in a 1 in. sphere of HDPE,
and (8) PuBe enclosed in a 1 in. sphere of HDPE. Each of these

library responses were generated via MCNP6 simulation, disregarding
environmental scattering effects (i.e., no floor/ground, walls, ceiling,
etc. were included in the simulations). Note: although results will only
be shown for the aforementioned eight library responses, the three most
correlated responses in the entire pre-generated library are represented
(bare 252Cf, bare AmBe, and D–D generator); the other five library
responses were chosen to illustrate additional (𝛼, 𝑛) and fusion generator
source types, and to compare lightly-shielded variants.

3.3.2. Empirical results
The results obtained from this 5-min measurement (Fig. 3.4(A)) show

that the correct neutron source, bare 252Cf, was identified using each of
the three methods discussed in this section. In fact, the screen shot from
the instrument’s software (Fig. 3.3), taken 35 s into this measurement
(710 total instrument counts), shows that the correct source was already
identified at this time using each method.

When assessing the results in Fig. 3.4(A), due to the magnitude
of the 𝑟2 values, one may incorrectly conclude that the 1-dimensional
correlation analysis outperformed the 2-dimensional analysis, and that
the 2-dimensional analysis outperformed the 3-dimensional analysis.
To more accurately characterize and compare the performance of each
method, a confidence in each identification decision will be defined
as the statistical certainty that the highest 𝑟2 value obtained (𝑟21) is
truly greater than the second highest 𝑟2 value (𝑟22), or equivalently, the
statistical certainty that the difference between the highest 𝑟2 value and
the second highest 𝑟2 value (Δ𝑟2) is truly greater than zero (for this test,
Δ𝑟2 values for bare 252Cf and bare AmBe are shown in Fig. 3.4(B) for
each method).

𝑟21 > 𝑟22 ⟺ Δ𝑟2 ≡ 𝑟21 − 𝑟22 > 0. (3.7)

Basing this confidence upon only the highest two 𝑟2 values can be
understood intuitively. If your results show that 𝑟21 > 𝑟22 > 𝑟23 > ⋯ > 𝑟2𝑛,
and you are 98% confident that 𝑟21 is truly greater than 𝑟22, than you
are more than 98% confident that 𝑟21 is truly greater than 𝑟23, 𝑟

2
4, . . . ,

and 𝑟2𝑛. Since Eqs. (3.2)–(3.6), directly depend upon the counts ob-
tained from each thermal neutron detector in the instrument, standard
counting statistics and propagation of uncertainties can be applied to
determine this statistical significance value (detailed description of this
confidence metric and its derivation are outside the scope of this work;
the metric was derived, in part, from concepts outlined in [12,13],
and [14]). Although the 252Cf source was correctly identified 35 s into
this measurement (Fig. 3.3), the confidences in the source identification
decision, as defined here, were only 76.75%, 65.55%, and 54.07% for
the 1-, 2-, and 3-dimensional methods, respectively, at this time. All
three of these confidence values grew steadily as counts accumulated
over time, but the confidence for the 3-dimensional analysis grew at the
highest rate, the 2-dimensional confidence grew at a moderate rate, and
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Fig. 3.4. (A) Summary plot of empirical results from a 5-min 6C spectrometer measurement with a bare 1.5×105-n/s 252Cf spontaneous fission neutron source at a 5.0-m standoff distance,
showing 𝑟2 values obtained from 1-, 2-, and 3-dimensional Pearson correlation analysis techniques applied to experimentally-measured data and 8 library source types. (B) Plot of Δ𝑟2
values for bare 252Cf and bare AmBe vs. method. (C) Plot of % confidence in identification of bare 252Cf after 1.5 min vs. method.

the 1-dimensional confidence grew at the lowest rate. Fig. 3.4(C) shows
that the confidence values 1.5 min into the measurement were 82.67%,
98.38%, and 99.94% for the 1-, 2-, and 3-dimensional methods, respec-
tively. By the end of the 5-min measurement, all three methods were
successful in correctly identifying the source with >99.9% confidence;
however, these results show that increasing the spatial dimensionality
of the correlation analysis described in this section allows for a greater
source identification confidence in less time.

4. Extension of 2-D & 3-D Pearson cross-correlation methods: si-
multaneous neutron source localization and identification

As mentioned in Section 3, the current implementation of the 1-
D, 2-D, and 3-D Pearson correlation methodologies require the user to
orient the 6C spectrometer such that its front circular face is directed
toward the neutron source of interest prior to starting the source iden-
tification data collection. In an effort to eliminate the necessity of this
prerequisite, an extension of the 2-D and 3-D Pearson cross-correlation
techniques discussed in the previous section was conceived to allow for
neutron source identification to be performed at any arbitrary source-to-
spectrometer angular orientation. By construction, this methodological
extension not only eliminates the instrument reorientation prerequisite
for neutron source identification, it also may provide a means to
determine the location and identity of a neutron source simultaneously.
Prior to discussing this extension in detail, it is necessary to introduce
an alternative 2-dimensional spectrometer response data grouping.

4.1. Alternative 2-dimensional spectrometer response analysis

While the 3-dimensional method extension is consistent with the
data grouping discussed in Section 3.1.3 above, the 2-dimensional
method extension requires an alternative data grouping to the one intro-
duced in Section 3.1.2. As discussed in Section 2.1, the 6C spectrometer’s
response in the vertical dimension is much more sensitive to variations
in environmental scattering conditions than its horizontal-planar com-
ponents. To accommodate this known shortcoming, the counts from
each vertical column of MSNDs in the instrument are summed for the
alternative 2-D response analysis, providing the spectrometer response
as a function of 𝑥-axial and 𝑧-axial position in the horizontal plane
(Fig. 4.1), with each of the 32 data points given by

𝑁
(

𝑥𝑖, 𝑧𝑘
)

=
𝑛𝑦
∑

𝑗=1
𝑁

(

𝑥𝑖, 𝑦𝑗 , 𝑧𝑘
)

. (4.1)

4.2. 2-D and 3-D Pearson cross-correlation method extension

Recall, from Section 3.1, that the currently implemented method
for neutron source identification allows for a priori source information
to be uploaded in the form of neutron energy spectra, which are
subsequently normalized, rebinned, and ‘‘folded into’’ (i.e., multiplied
by) the instrument’s response matrix (pre-loaded in the 6C software,
for front-face orientation) to generate expected response libraries for
the new source type(s). This functionality serves as the basis for the
methodological extension discussed here, in which response matrices
are, instead, preloaded in the instrument’s software for source-to-
spectrometer angular orientations of 𝜃 = 0◦ to 355◦ in 5◦ increments in
the horizontal 𝑥–𝑧-plane (72 response matrices total, although the 5◦ an-
gular increment chosen for this study is relatively arbitrary). For each of
these 72 angular orientations, the angular response matrix is generated
through a set of MCNP simulations for 128 discretely-binned neutron
energy ranges,𝐸𝑙, which span the range [1.0E−9 MeV, 100 MeV] in even
logarithmic decrements (i.e., the quantity log10

(

max
(

𝐸𝑙
)

∕min
(

𝐸𝑙
))

is
equal for all 128 binned ranges, 𝐸𝑙, and ⋃

𝑙𝐸𝑙 =
[

min
(

𝐸1
)

,max
(

𝐸128
)]

= [1.0E − 9 MeV, 100 MeV]). The 128 × 128 response matrix (one row
for each MSND in the instrument, one column for each discretely-binned
energy range) for each angular orientation, 𝜃, is then calculated as

R𝜃
128×128 (𝑥, 𝑦, 𝑧, 𝐸)

=

⎡

⎢

⎢

⎢

⎣

𝑃
(

𝑁
(

𝑥1, 𝑦1, 𝑧1
)

|𝐸1, 𝜃
)

⋯ 𝑃
(

𝑁
(

𝑥1, 𝑦1, 𝑧1
)

|𝐸128, 𝜃
)

⋮ ⋱ ⋮

𝑃
(

𝑁
(

𝑥8, 𝑦4, 𝑧4
)

|𝐸1, 𝜃
)

⋯ 𝑃
(

𝑁
(

𝑥8, 𝑦4, 𝑧4
)

|𝐸128, 𝜃
)

⎤

⎥

⎥

⎥

⎦

⋅𝐴 (𝜃) , (4.2)

𝐴 (𝜃) = 𝐷 ⋅ 𝐿 ⋅ sin 𝜃 + 𝜋
4
⋅𝐷2 ⋅ cos 𝜃,

where 𝐷 and 𝐿 are the diameter and length (in cm), respectively, of the
active portion of the instrument (i.e., the cylindrical HDPE moderating
volume), 𝐴 (𝜃) is the cross-sectional area (in cm2) of the active portion of
the instrument for which the normal vector is at angular orientation 𝜃
(examples shown in Fig. 4.2 for the 6C spectrometer: 𝐿 ≅ 30.48 cm
and 𝐷 = 15.24 cm), and each 𝑃

(

𝑁
(

𝑥𝑖, 𝑦𝑗 , 𝑧𝑘
)

|𝐸𝑙 , 𝜃
)

represents the
conditional probability that a neutron – incident upon the active portion
of the instrument – will be detected by the MSND located at

(

𝑥𝑖, 𝑦𝑗 , 𝑧𝑘
)

,
given that the incident energy of the neutron is in the discrete range
𝐸𝑙 and that the neutron was emitted from a source located at angular
orientation 𝜃 relative to the instrument.
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Fig. 4.1. Example of the alternative 2-dimensional cross-correlation data grouping applied to a simulated 6C spectrometer response to a bare 252Cf neutron source.

Fig. 4.2. Illustration of 6C spectrometer cross-sectional areas, 𝐴 (𝜃) in Eq. (4.2), (all blue area) for source-to-spectrometer angular orientations of 𝜃 = 0 to 𝜋∕2 radians (0◦ to 90◦) in 𝜋∕8
radian (22.5◦) increments (left to right). For each angular orientation shown, the vector normal to the surface, ←⇀𝑛, is in the direction of the neutron source (directly out of the page in each
illustration). Darker blue edge lines added to aid visualization of each moderating cylinder orientation.

With the response matrices calculated according to Eq. (4.2), and
preloaded in the instrument’s software, 3-dimensional library responses
can be generated for each angular orientation (𝜃 = 0◦ to 355◦ in 5◦
increments) for any neutron source of interest by rebinning its neutron
energy spectrum to match the response matrix binning structure, and
multiplying it by each angular response matrix. This can be shown
using the following linear model for the expected 3-dimensional library
response to neutron source 𝐿 at source-to-spectrometer angular orien-
tation 𝜃:

N𝜃
𝐿 (𝑥, 𝑦, 𝑧) = R𝜃 (𝑥, 𝑦, 𝑧, 𝐸) ⋅𝚽𝐿 (𝐸)

=

⎛

⎜

⎜

⎜

⎝

⎡

⎢

⎢

⎢

⎣

𝑃
(

𝑁
(

𝑥1, 𝑦1, 𝑧1
)

|𝐸1, 𝜃
)

⋯ 𝑃
(

𝑁
(

𝑥1, 𝑦1, 𝑧1
)

|𝐸128, 𝜃
)

⋮ ⋱ ⋮

𝑃
(

𝑁
(

𝑥8, 𝑦4, 𝑧4
)

|𝐸1, 𝜃
)

⋯ 𝑃
(

𝑁
(

𝑥8, 𝑦4, 𝑧4
)

|𝐸128, 𝜃
)

⎤

⎥

⎥

⎥

⎦

⋅𝐴 (𝜃)

⎞

⎟

⎟

⎟

⎠

⋅

⎛

⎜

⎜

⎜

⎝

⎡

⎢

⎢

⎢

⎣

𝑃𝐿
(

𝐸1
)

⋮

𝑃𝐿
(

𝐸128
)

⎤

⎥

⎥

⎥

⎦

⋅ |
|

𝚽𝐿 (𝐸)|
|

⎞

⎟

⎟

⎟

⎠

, (4.3)

where 𝚽𝐿 (𝐸) is the local (i.e., incident upon the active portion of
the instrument), discretized, energy-dependent neutron fluence from
source 𝐿 (in 1

0𝑛∕cm
2), |

|

𝚽𝐿 (𝐸)|
|

is its magnitude (in the same units),
and

[

𝑃𝐿
(

𝐸1
)

⋯𝑃𝐿
(

𝐸128
)]𝑇 is the rebinned energy spectrum of neutron

source 𝐿 (i.e., each 𝑃𝐿
(

𝐸𝑙
)

represents the probability that the energy
of a neutron emitted from source 𝐿 will be in the discrete range 𝐸𝑙).
Since the Pearson product-moment cross-correlation coefficient, which
will be utilized for this analysis, is invariant to linear combinations,
and both the cross sectional area, 𝐴 (𝜃), and the magnitude of the local

neutron fluence, |
|

𝚽𝐿 (𝐸)|
|

will be constants for any static measurement
(i.e., stationary source and stationary instrument), these two terms
of Eq. (4.3) may be ignored (i.e., set to unity) without losing any
information pertinent to the source identification analysis, such that

N𝜃
𝐿 (𝑥, 𝑦, 𝑧)

=

⎡

⎢

⎢

⎢

⎣

𝑃
(

𝑁
(

𝑥1, 𝑦1, 𝑧1
)

|𝐸1, 𝜃
)

⋯ 𝑃
(

𝑁
(

𝑥1, 𝑦1, 𝑧1
)

|𝐸128, 𝜃
)

⋮ ⋱ ⋮

𝑃
(

𝑁
(

𝑥8, 𝑦4, 𝑧4
)

|𝐸1, 𝜃
)

⋯ 𝑃
(

𝑁
(

𝑥8, 𝑦4, 𝑧4
)

|𝐸128, 𝜃
)

⎤

⎥

⎥

⎥

⎦

⋅

⎡

⎢

⎢

⎢

⎣

𝑃𝐿
(

𝐸1
)

⋮

𝑃𝐿
(

𝐸128
)

⎤

⎥

⎥

⎥

⎦

. (4.4)

Operationally, a large list of source spectra
(

P𝐿1
(𝐸) ,… ,P𝐿𝑀

(𝐸)
)

is chosen to include as many neutron source types and/or shielded
variants as necessary for a given application. Each of these source
spectra are then multiplied by each of the 72 angular response matrices
(Eq. (4.4)) to yield a set of 3-dimensional library spectrometer responses
N𝜃

𝐿 (𝑥, 𝑦, 𝑧), for 𝜃 = 0◦, 5◦, . . . , 355◦, and 𝐿 = 𝐿1, 𝐿2, . . . , 𝐿𝑀 (72 ⋅ 𝑀
libraries total, where 𝑀 is the number of source types and/or shielded
variants of interest). These library responses are then grouped according
to Eq. (4.1) for subsequent use in the 2-dimensional analysis,

𝑁𝜃
𝐿
(

𝑥𝑖, 𝑧𝑘
)

=
𝑛𝑦
∑

𝑗=1
𝑁𝜃

𝐿
(

𝑥𝑖, 𝑦𝑗 , 𝑧𝑘
)

. (4.5)
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Once the desired 2-D and 3-D response libraries have been selected
and generated, data collection may be initiated (without having to
reorient the instrument). During data collection, the live response data
is grouped for 2- and 3-dimensional real-time comparison to each
individual library response using the Pearson cross-correlation method
discussed in Section 3. In this case, the 3-D correlation coefficient is of
the form

𝑟𝐶,𝐿 = 1
8 ⋅ 4 ⋅ 4

⋅
4
∑

𝑘=1

4
∑

𝑗=1

8
∑

𝑖=1

𝑁𝐶
(

𝑥𝑖, 𝑦𝑗 , 𝑧𝑘
)

−N𝐶 (𝑥, 𝑦, 𝑧)
𝜎N𝐶 (𝑥,𝑦,𝑧)

⋅
𝑁𝜃

𝐿
(

𝑥𝑖, 𝑦𝑗 , 𝑧𝑘
)

−N𝜃
𝐿 (𝑥, 𝑦, 𝑧)

𝜎N𝜃
𝐿(𝑥,𝑦,𝑧)

, (4.6)

where N𝐶 (𝑥, 𝑦, 𝑧) = [𝑁𝐶 (𝑥1, 𝑦1, 𝑧1),… , 𝑁𝐶 (𝑥8, 𝑦4, 𝑧4)] represents the
collection response and N𝜃

𝐿 (𝑥, 𝑦, 𝑧) = [𝑁𝜃
𝐿(𝑥1, 𝑦1, 𝑧1),… , 𝑁𝜃

𝐿(𝑥8, 𝑦4, 𝑧4)]
represents one library response, and the 2-D correlation coefficient is of
the form

𝑟𝐶,𝐿 = 1
4 ⋅ 8

⋅
4
∑

𝑘=1

8
∑

𝑖=1

𝑁𝐶
(

𝑥𝑖, 𝑧𝑘
)

−N𝐶 (𝑥, 𝑧)
𝜎N𝐶 (𝑥,𝑧)

⋅
𝑁𝜃

𝐿
(

𝑥𝑖, 𝑧𝑘
)

−N𝜃
𝐿 (𝑥, 𝑧)

𝜎N𝜃
𝐿(𝑥,𝑧)

, (4.7)

where N𝐶 (𝑥, 𝑧) = [𝑁𝐶 (𝑥1, 𝑧1),… , 𝑁𝐶 (𝑥8, 𝑧4)] represents the collection
response and N𝜃

𝐿 (𝑥, 𝑧) = [𝑁𝜃
𝐿(𝑥1, 𝑧1),… , 𝑁𝜃

𝐿(𝑥8, 𝑧4)] represents one
library response.

Similar to the Pearson correlation analysis discussed in Section 3,
the 2-D and/or 3-D library response that is most positively correlated
to the live response, according to the value of 𝑟2𝐶,𝐿, is then chosen
as the most likely source of the incident neutron radiation (of the
source libraries uploaded). Here, however, the most positively corre-
lated response library N𝜃

𝐿 corresponds to both a particular source-to-
spectrometer relative angular orientation in the horizontal 𝑥–𝑧-plane,
𝜃, and a particular source type, 𝐿. Hence, without being required
to reorient the instrument, the user is provided with neutron source
location and identification information simultaneously. Furthermore,
since the source libraries are generated and loaded prior to data
collection (Eqs. (4.2)–(4.5)), and the cross-correlation calculations are
computationally inexpensive (Eqs. (4.6) and (4.7)), this information can
be displayed to the user in real time updates as data is being collected. In
preliminary simulation tests, in which 6 source types were simulated in
horizontal-planar angular orientations of 0◦ to 355◦ in 5◦ increments (6 ⋅
(360∕5) = 432 simulations total), the correct source type was identified
in all simulated trials, with average angular location errors of ±2.5◦ for
the 2-dimensional method extension (i.e., a 64.29% improvement to the
NRV method results) and ±5◦ for the 3-dimensional method extension
(i.e., a 28.57% improvement to the NRV method results). While these
initial theoretical results are very promising, empirical tests of these
methodological extensions have yet to be conducted, and will be the
subject of future work.

5. Post-hoc improvement to the NRV method: NRV-Poly method

This algorithmic improvement to the neutron response vectorization
(NRV) method, called the NRV-Poly method, is based on thoroughly
characterizing the accuracy of the NRV method as a function of true
source-to-spectrometer angular orientation, then making post-hoc ad-
justments to NRV method results based upon this characterization. Thus,
Section 5.1 will discuss one way in which the accuracy of the NRV
method (applied to 6C spectrometer measurements) can be character-
ized analytically, and Section 5.2 will discuss how this characterization
can be utilized to make post-hoc adjustments to NRV method results,
improving the accuracy and consistency of horizontal-planar angular
orientation determinations.

5.1. NRV-Poly method: continuous polynomial functional fit characteriza-
tion

To characterize the theoretical accuracy of the existing NRV method
as a function of true source-to-spectrometer angular orientation, the
method (without the geometric asymmetry correction step, i.e., skipping
Eq. (2.2)) was applied to simulated 6C spectrometer responses to a bare
252Cf neutron source at angular orientations ranging from 0◦ to 355◦ in
5◦ increments. The difference between the angular orientation obtained
through application of the NRV method and the true (simulated) angular
orientation (i.e. the NRV method errors) were then plotted as a function
of the true angular orientation (red and blue circles in Fig. 5.1). These
data points were then separated, according to the simulated true angle,
into two overlapping data sets – data set 𝐴 from −15◦ (345◦) to 195◦

and data set 𝐵 from 165◦ to 375◦ (15◦) – and a 13th order polynomial
curve fit (found to provide the best 𝑟2 value fit to the data without
overfitting) was applied to each data set using the NumPy ‘‘polyfit’’
Python routine (least-squares polynomial fit, [15]), providing values for
the 28 coefficients 𝑎𝑖 and 𝑏𝑖 in Eqs. (5.1) and (5.2) below.

𝜃(𝐴)NRV − 𝜃 = 𝑎0 + 𝑎1 ⋅ 𝜃 + 𝑎2 ⋅ 𝜃
2 +⋯ + 𝑎13 ⋅ 𝜃

13 and (5.1)

𝜃(𝐵)NRV − 𝜃 = 𝑏0 + 𝑏1 ⋅ 𝜃 + 𝑏2 ⋅ 𝜃
2 +⋯ + 𝑏13 ⋅ 𝜃

13, (5.2)

where 𝜃NRV and 𝜃 represent the NRV measured angle and true angle (in
degrees), respectively, with Eq. (5.1) corresponding to data set 𝐴 and
Eq. (5.2) corresponding to data set 𝐵.

With the coefficients 𝑎𝑖 and 𝑏𝑖 determined, simple algebraic ma-
nipulation of Eqs. (5.1) and (5.2) yields the desired NRV method
characterization: two analytical functions describing the behavior of
results obtained through application of the NRV method as a function
true source-to-spectrometer angular orientation for data sets 𝐴 and 𝐵
(Eqs. (5.3) and (5.4) below, represented as red and blue lines in Fig. 5.2,
respectively).

𝜃(𝐴)NRV = 𝑎0 +
(

𝑎1 + 1
)

⋅ 𝜃 + 𝑎2 ⋅ 𝜃
2 +⋯ + 𝑎13 ⋅ 𝜃

13 and (5.3)

𝜃(𝐵)NRV = 𝑏0 +
(

𝑏1 + 1
)

⋅ 𝜃 + 𝑏2 ⋅ 𝜃
2 +⋯ + 𝑏13 ⋅ 𝜃

13. (5.4)

5.2. NRV-Poly method: post-hoc adjustment

When analyzing live measurement data, the NRV-Poly method first
uses the ‘‘base" NRV method to obtain an initial ‘‘NRV measured angle’’,
𝜃NRV. If 𝜃NRV is in the range [0◦, 180◦), it is substituted for 𝜃(𝐴)NRV in
Eq. (5.3), and if 𝜃NRV is in the range [180◦, 360◦), it is substituted for
𝜃(𝐵)NRV in Eq. (5.4). The resulting equation (Eq. (5.3) or (5.4) with 𝜃NRV
substituted) is then solved for 𝜃 by finding the roots of the corresponding
algebraically manipulated equation,

⎧

⎪

⎪

⎨

⎪

⎪

⎩

0 =
(

𝑎0 − 𝜃NRV
)

+
(

𝑎1 + 1
)

⋅ 𝜃 + 𝑎2 ⋅ 𝜃
2 +⋯ + 𝑎13 ⋅ 𝜃

13,
𝜃NRV ∈

[

0o, 180o
)

(a)
0 =

(

𝑏0 − 𝜃NRV
)

+
(

𝑏1 + 1
)

⋅ 𝜃 + 𝑏2 ⋅ 𝜃
2 +⋯ + 𝑏13 ⋅ 𝜃

13,
𝜃NRV ∈

[

180o, 360o
)

(b)

(5.5)

using the NumPy ‘‘roots’’ Python routine [15,16]. Since Eqs. (5.5)(a) and
(5.5)(b) are both 13th order polynomials, the NumPy roots routine will
always return a list of exactly 13 possible solutions for 𝜃. Recognizing
that the desired solution should always be real-valued (in this case),
the list of possible solutions is then narrowed down by eliminating
any solutions with non-zero imaginary components. From this smaller
list of possible real-valued solutions, the solution that is closest to the
NRV measured angle, 𝜃NRV, (modulo 360) is chosen as the new ‘‘NRV-
Poly measured angle’’. Both the NRV measured angle and the NRV-
Poly measured angle are calculated and updated once every software
iteration (i.e. every user-defined time step, in seconds) and the results
are saved for further analysis. Additionally, two method comparison
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Fig. 5.1. (A) Plot of simulated results (circles) and 13th order polynomial curve fits (solid lines) for data sets A (red) and B (blue), showing NRV measured angle–True Angle vs. True
Angle with 𝑟2 values for each fit given in the legend. (B) Magnified view of the 30◦ overlapping region surrounding True Angle = 180◦. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

Fig. 5.2. (A) Plot of simulated results (circles) and 13th order polynomial curve fits (solid lines) for data sets A (red) and B (blue), showing NRV measured angle vs. True Angle with
𝑟2 values for each fit given in the legend. (B) Magnified view of the 30◦ overlapping region surrounding True Angle = 180◦. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

summary plots are created and saved at the completion of each experi-
ment. Fig. 5.3, shows example output plots from a simulation in which
5809 total neutrons were detected from a bare 252Cf source at a 300◦

source-to-spectrometer (true) angular orientation.
As can be seen from the simulated test results in Fig. 5.3, the NRV-

Poly method appears to be a very promising improvement to the existing
NRV method, decreasing the angular error by ±24.75◦ in this case.
However, like the Pearson correlation method extensions discussed in
Section 4, empirical analysis will be necessary to determine the true
efficacy of the NRV-poly method, and will be the subject of future work.

6. Conclusions and future work

Two ‘‘core’’ algorithmic methodologies were presented for determin-
ing the relative location and the identity of sources of neutron radiation
with a volumetrically-sensitive moderating-type neutron spectrometer.
Two extensions of – and potential improvements to – these core method-
ologies were then proposed. The Neutron Response Vectorization (NRV)
Method was introduced as the core methodology for determining the
location of a neutron source relative to an instrument. It was shown that

the NRV method, when applied to empirical 6C spectrometer measure-
ments, provided an accurate determination of the relative horizontal-
planar angular location of a bare 252Cf neutron source, in a high-
scattering environment, with an average angular error of ±7◦. Pearson
product-moment cross-correlation spatial response analysis techniques
(in 1, 2, and 3 spatial dimensions) were then introduced as the core
methodologies for determining the most probable identity of a neutron
source. It was shown that each of these spatial response analysis
techniques, when applied to empirical 6C spectrometer measurements,
were capable of correctly identifying a bare 252Cf neutron source in less
than one minute, and that increasing the spatial dimensionality of the
correlation analysis allows for a greater source identification confidence
in less time. A methodological extension of the 2- and 3-dimensional
Pearson cross-correlation techniques was then proposed to simultane-
ously determine the identity of a neutron source and its relative angular
location in the horizontal plane. In a set of 432 simulation tests, the
correct source type was identified in all trials, with average angular
location errors of ±2.5◦ for the 2-dimensional method extension (i.e., a
64.29% improvement to the NRV method results) and ±5◦ for the 3-
dimensional method extension (i.e., a 28.57% improvement to the NRV
method results). Lastly, a post-hoc improvement to the NRV method,
employing a continuous polynomial fit characterization, was proposed
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Fig. 5.3. Example output plots from a simulation in which 5809 total neutrons were detected from a bare 252Cf source at a 300◦ source-to-spectrometer angular orientation. (A) Plot of
NRV measured angle vs. true angle, showing final resultant angles (small diamonds and dotted lines) obtained from application of the NRV method (black) and the NRV-poly method
(blue), with the polynomial curve fit (solid blue line), true angle (large red diamond and solid red line), and NRV measured angle = true angle line (solid black line) shown for reference.
(B) Plot of resultant measured angular orientations using the NRV method (black) and the NRV-Poly method (blue) vs. total instrument counts for even time intervals throughout the
example simulation (circles and solid linear interpolation lines), with the true simulated angle (solid red line) shown for reference. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

(the NRV-Poly method). In preliminary simulation testing, the NRV-Poly
method was shown to be a very promising algorithmic improvement,
decreasing the angular error from ±24.96◦ to ±0.21◦ (i.e., a 99.16%
improvement) in the example discussed in Section 5.

Through extensive empirical testing on multiple volumetrically-
sensitive moderating-type instruments, the core methodologies intro-
duced in this work (i.e., the Pearson correlation spatial analysis tech-
niques and the NRV method) have proven to be accurate and reliable
for determining the identity and horizontal-planar location of sources
of neutron radiation in a variety of operational environments; however,
the methodological extensions introduced in this work could provide
improved accuracy and reliability, as well as ease of instrument use.
While the initial theoretical results are very promising, thorough empir-
ical tests of the two methodological extensions discussed in Sections 4
and 5 have yet to be conducted, and will be the subject of future
work. Additional future works will focus on extending the angular
location methodologies discussed here to include the vertical dimension,
providing a means to real-time neutron-based source imaging with a
portable moderating-type instrument.
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