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APPLIED SCIENCES AND ENGINEERING

Rapid imaging of special nuclear materials for nuclear
nonproliferation and terrorism prevention

Jana Petrovi¢, Alf Gook, Bo Cederwall*

We introduce a neutron-gamma emission tomography (NGET) technique for rapid detection, three-dimensional imag-
ing, and characterization of special nuclear materials like weapons-grade plutonium and uranium. The technique
is adapted from fundamental nuclear physics research and represents a previously unexplored approach to
the detection and imaging of small quantities of these materials. The method is demonstrated on a radiation
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portal monitor prototype system based on fast organic scintillators, measuring the characteristic fast time and
energy correlations between particles emitted in nuclear fission processes. The use of these correlations in real
time in conjunction with modern machine learning techniques provides unprecedented imaging efficiency and
high spatial resolution. This imaging modality addresses global security threats from terrorism and the prolifera-
tion of nuclear weapons. It also provides enhanced capabilities for addressing different nuclear accident scenari-

os and for environmental radiological surveying.

INTRODUCTION

While special nuclear materials (SNMs) like plutonium and urani-
um form the basis for enormous technological developments in the
last century, they have also led to some of the most serious threats
to humankind and its very existence. Although the danger of a glob-
al military conflict involving nuclear weapons of mass destruction is
at the center of public awareness in this context, the potential con-
sequences from acts of terrorism involving these materials may not
fall far behind. The stewardship and control of SNM is therefore of
major importance for protecting the safety of present and future
generations, and it is one of the main concerns of international col-
laboration within the International Atomic Energy Agency (IAEA).
Key to these efforts is the ability to efficiently and quickly detect,
localize, and characterize SNM in different national security scenar-
ios as well as in routine inspection of passengers, goods, vehicles,
etc. at, e.g., sea- and airports and transport logistics hubs. This re-
quires advanced sensor-based detection of threat objects, including
radiation detection systems. Among the most important materials
of interest are weapons-grade uranium, weapons-grade plutonium
(WGP), and radioactive sources that could be used for radiological
dispersion devices. An effective defense against these and similar
threats must take advantage of the latest developments in radiation
detection technology. Much-needed advances in this field include
not only enhanced sensitivity of detection but also the possibility to
perform efficient localization of SNM in screening operations of,
e.g., objects, persons, and vehicles in the field. Besides detection sys-
tems related to national security, there are several other areas that
would benefit greatly from the possibility to efficiently image SNM.
These include nuclear emergency response, nuclear safeguards, and
environmental surveying.

The detection of SNM in radiation portal monitors (RPMs) is
one of the critical links in the nuclear security chain. RPMs are de-
signed to alarm if the measured radiation flux, primarily of neu-
trons and y-rays, exceeds predefined thresholds when persons,
vehicles, packages, or other objects are passing through them. Once
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a source is detected, it would be highly beneficial to rapidly discern
its precise location. Current RPM systems do not have these capa-
bilities. Nuclear emergency responders and safeguards inspectors
would also benefit substantially from the ability to rapidly verify the
location of a source without close manual intervention.

Because the presence of neutrons is a key indicator of materials
undergoing spontaneous or induced fission, neutron detectors are
crucial for the detection of SNM. Thermal neutron gaseous propor-
tional counters based on *He are currently the most common detec-
tors used in nuclear safeguards and nuclear security systems, such
as in RPMs (I, 2). However, because of the global shortage of 3He,
there is an increasing interest in developing *He-free systems (3). In
addition to proportional counter systems replacing *He with other
high thermal-neutron absorption cross-section materials, there is also
an increasing focus on fast-neutron detection based on organic
scintillators. While thermal neutrons typically do not carry any useful
information of their initial energy or emission point, fast-neutron
detection (i.e., the detection of neutrons with typical kinetic ener-
gies in the megaelectronvolt range that are unperturbed on their way
from the source) opens new possibilities for imaging SNM. Several
types of neutron imagers have been developed, including coded-
aperture imagers (4, 5), time-encoded imagers (6), and neutron
scatter cameras (7-13). While neutron scatter cameras can be made
more compact than time-encoded or coded-aperture neutron imagers,
their efficiency suffers greatly from the requirement of detecting two
consecutive neutron scatters. Furthermore, a fundamental compli-
cation in the design of neutron scatter cameras is the need to maxi-
mize the probability that the incident neutron scatters only once in
the scatter detector and subsequently escapes so that it may interact
in another detector element. If the scatter detector is too thick, ad-
ditional scatters become likely, corrupting the energy measurement
and making it impossible to reconstruct the neutron incident direc-
tion. Attempts to circumvent this problem would lead to reduced
detection efficiency or to complex and costly detection systems.

Although the main focus of previous studies has been on neu-
tron detection, there are potential advantages associated with the
additional detection of y-rays as a means to identify the presence of
SNMs, with very high sensitivity. These are mainly the significantly
higher multiplicity of prompt fission y-rays and their short flight
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time from source to detector. Most of the y-rays in fission are emit-
ted in prompt cascades depopulating short-lived (typically pico-
seconds or shorter) excited states in the fission products, with a
multiplicity distribution that can extend significantly beyond an
average of 5 to 10 (14-16). Therefore, in particular, fast y-neutron cor-
relations deserve further attention in the development of more sen-
sitive methods for nuclear safeguards and security applications (17).
These techniques have been used in fundamental nuclear physics
experiments for decades [see (18) for a recent example]. An addi-
tional advantage of fast y-neutron coincidence detection compared
with detection of neutrons alone is the energy independence of the pho-
ton time of flight, which reduces the correlation time spread between
the detected particles. It was previously proposed to use time-of-
flight (TOF) information for event-by-event three-dimensional
(3D) imaging of SNM in neutron scatter cameras (19) by combin-
ing the fast coincidence detection of a neutron scattering between
two detector elements with the detection of a correlated photon in a
third detector element. However, for these triple-coincidence systems,
the detection efficiency will be notably reduced compared with the
already low efficiency of neutron scatter imaging and it may not be
useful for applications where a rapid assessment is needed. The ve-
locity distributions of neutrons emitted in the fission processes are
well characterized for the most common nuclides present in SNM.
This information is used in the present work to deduce the position
of a source from measured fast y-neutron TOF correlations.

We here present a new approach, neutron-gamma emission to-
mography (NGET), to 3D localization of SNM using fast y-neutron
coincidence detection applicable to national security measures, nu-
clear emergency response, nuclear safeguards, environmental ra-
diological surveying, and related fields. While the 3D imaging
method is here demonstrated within the framework of an RPM pro-
totype system, it is versatile and can be adapted to a wide variety of
different detection geometries and applications.

Two different techniques are presented, both exploiting the
properties of correlated y-neutron pairs originating from the same
fission events. We first show results from an implementation of this
approach based on estimating a region of origin from the measured
energy deposited by the neutron and the y-neutron time difference,
event by event. Only the detection of a single neutron interaction is
required, and the neutron energy is estimated on the basis of sam-
pling the approximately known kinetic energy distribution of
fission neutrons above the detected recoil energy, which is the min-
imum kinetic energy that could be carried by the incident neutron.
The method has similarities with emission tomographic methods
used in medical imaging, such as positron emission tomography
(PET) (20, 21). PET imaging uses the fact that 511-keV photon pairs
from positron annihilation are strongly correlated, directionally in
space and in time, to deduce the distribution of positron-emitting
isotopes within the field of view. A PET detector system with good
enough (~subnanosecond) time resolution can, additionally, ex-
ploit the relative TOF information for the detected photon pairs to
improve on its 3D image resolution (22). Differently from positron
annihilation, the physics of the nuclear fission process does not pro-
vide easily deduced direct directional correlations between the
emitted photons and neutrons. However, neutrons being massive
particles have a velocity that is directly related to their kinetic energy.
Furthermore, because neutrons emitted from spontaneous fission
of SNM have rather well-established energy distributions, often ap-
proximated by a Watt spectrum (23) with parameters depending
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weakly on the nuclide, it is possible to estimate the probability that
a detected neutron had a certain incident velocity based only on a
partial energy measurement or without measuring the energy at all.
Using these estimates, the measured relative TOF between the neu-
tron and the photon in a correlated neutron-photon pair can then
be translated into information about their point of origin, i.e., the
position of the radiation source. To our knowledge, it is the first
time a physical model of the emission process is directly applied to
tomographic imaging. Similarly to a neutron scatter camera, this
technique then relies on standard image reconstruction techniques.
We here present results obtained using a deconvolution algorithm
based on Bayes’ theorem (24).

In another implementation of NGET imaging, we rely on cumu-
lative distributions of correlated y-neutron time differences record-
ed between different pairs of radiation sensors for rapid, online
reconstruction of the source position. A particular advantage of this
cumulative NGET (CNGET) technique is that it only requires the
difference in detection time between correlated particles. Hence, it
is enough that the detector elements have a fast (nanosecond) time
response and that they are sensitive to both y-rays and fast neu-
trons. The CNGET technique therefore does not, a priori, require
the usually more expensive ability to discriminate between neu-
trons and y-rays, nor does it require measurement of particle ener-
gies. This technique relies on machine learning algorithms or
statistical iterative methods to accurately localize SNM.

By localizing unknown sources in 3D, both implementations of
the NGET imaging method also provide the basis for identifying,
quantifying, and characterizing small amounts of SNM.

RESULTS
In this work, rapid and accurate localization of SNM samples with
NGET is demonstrated using an RPM prototype system developed

Fig. 1. Schematic illustration of NGET event mapping following the detection
of a correlated y-neutron pair from one fission event. The probability that the
fission event occurred at the position ¥ relative to the center of the detector regis-
tering the neutron is indicated as a function of the angle and distance to the source
position by an arbitrary color scale for a given time difference between neutron
and y-ray detection.
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at the Royal Institute of Technology (KTH) (25). A basic require-
ment on the detection system is an array of radiation sensors with
fast time response, sensitive to fast neutrons and y-rays. Most favor-
ably, the sensors are simultaneously sensitive to both fast neutrons
and y-rays and have a high capability to discriminate between the
two types of particles. This is the case for the organic scintillation
detectors used in the present work, which provide efficient y-neutron
discrimination and fast timing of the order of 1 ns. The RPM pro-
totype system consisted of an array of eight 127-mm-diameter by
127-mm-length cylindrical liquid organic scintillator cells arranged in
two detector assemblies, displaced by 1 m from each other (see the
‘Discussion’ section). Measurements have been carried out usin%
a californium-252 (Cf-252) radioactive source with mass 3.2 x 10~

g encapsulated in a 4.6-mm-diameter X 6-mm cylindrical ceramic
casing. Cf-252 has spontaneous fission as a 3% decay branch (the
remaining 97% being due to o decay) and an average prompt-neu-
tron multiplicity of 3.76 per fission (26). The source is equivalent to
around 100 g of WGP (7% plutonium-240 and 93% plutonium-241)
in terms of its approximately 1900 s~ fission rate. This would corre-
spond to a sphere of radius approximately 1-cm metallic plutonium.
Further details of the setup and the measurements are described in
Materials and Methods.

NGET imaging performance

We first present results from applying the novel NGET imaging
principle with the KTH RPM prototype using the technique based
on event-by-event mapping of possible points of origin using prob-
ability density functions (PDFs). The PDFs are derived from the
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Fig. 2. Demonstration of the source localization obtained using the Bayesian
inference algorithm. Results of 10-s measurements with the 1.7 uCi 2°2Cf source
described in the text placed in three different positions are shown as projected
images in the horizontal-vertical plane. The positions are given in centimeters and
labeled by their longitudinal, horizontal, and vertical distance (x, y, and z, respec-
tively) from the origin located at the geometrical center of the detector system.
The positions of the source during the measurements are marked with red crosses.
The estimated probability per cm>-voxel of finding the source as a function of po-
sition is indicated by the color scale on the right. In the top right, a three-dimensional
representation of the localization is shown.
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measured neutron recoil energy and relative detection time of
y-neutron pairs, which are correlated from the same fission event.
The principle is illustrated schematically in Fig. 1. For each correlat-
ed detection of a neutron and a y-ray in two specific detector ele-
ments, the neutron and y-ray flight paths are well defined as a
function of the possible position of a fission event in space. Knowl-
edge about the prompt fission neutron energy spectrum shape can
then be used to extract the probability distribution for the unknown
source position given the observation of a certain time difference
between y-ray and neutron detection. This probability distribution
can be further constrained using information on the detected neu-
tron recoil energy. The measured neutron-recoil energy is, in most
cases, due to one or more elastic scatterings on protons in the detec-
tor medium. Neutrons and protons have approximately the same
mass, so the scattering process is similar to classical billiards. For
each energy deposition in the detector material from a recoiling
proton, the incident neutron energy must be higher or equal to this
value. The detector energy response to a single neutron interaction
is an approximately known nonlinear function of the deposited en-
ergy. The full detector response as a function of incident neutron
energy, which is highly dependent on the incident neutron energy
and the geometrical dimensions of the detector, can also be calcu-
lated approximately or measured. Hence, known energy distribu-
tions of fission neutrons can, in combination with the detector
response function, be used to estimate the probability distribution
for the incident neutron energy. Each y-neutron coincidence event
then gives rise to a unique PDF, depending on which detector ele-
ments were involved, the measured time difference between the
y-ray and neutron interactions, and the detected neutron energy. By
combining the information from several such events, a combined
PDF for the source location can be deduced. In this way, the un-
certainty of the source location is successively reduced for each cor-
related y-neutron event that is detected. By combining information
from several, geometrically displaced, sensor pairs, a 3D localiza-
tion in space is achieved.

The algorithm developed for this purpose uses Bayesian infer-
ence and is described in detail in Materials and Methods. The result
of the algorithm is the PDF of finding the source as a function of the
position. The application of the algorithm to experimental data
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Fig. 3. Projected image in the horizontal-vertical (y and z) plane obtained for
two Cf-252 sources separated by 20 cm and measured during 1 min. The activ-
ity of the source on the right (left) is 1.7 uCi (0.56 uCi) corresponding to 1900 (630)
fissions/s. The actual positions of the sources are marked with red crosses. The col-
or scale indicates the number of detected events per cm?.
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from the KTH RPM prototype system with the source in different
positions is illustrated in Fig. 2. After 10 s of measurement, corre-
sponding to between 100 and 200 collected events, the source loca-
tion PDF has an SD of about 4 cm. A longer measurement time of
30 s reduces the SD by about a factor of 2. For longer measurement
times, the average radial SD of the point spread function that is
achieved with this method for the current detector configuration is
around 1 cm.

The Bayesian inference algorithm for source localization assumes
that all detected events originate from the same point and it can
therefore not simultaneously identify the positions of multiple sources.
For this purpose, a different algorithm is applied, which has a some-
what lower spatial resolution for a single source but is capable of
imaging multiple sources. The application of this algorithm to the
measurement of two Cf-252 sources, one with approximately three
times lower activity, is shown in Fig. 3.

NGET imaging based on cumulative time difference
distributions (CNGET)

CNGET 3D imaging is a simplified approach to full NGET provid-
ing rapid and accurate 3D localization of SNM based solely on
measuring the accumulated y-neutron arrival time difference distribu-
tions for different combinations of detector elements. In the present
detector system, there are eight different sensor elements and there-
fore 8 x 7 = 56 unique combinations of y-neutron time difference
distributions. Assuming a point source of time-correlated neutrons
and y-rays such as a small amount of SNM, each time distribution
contains unique information regarding its position. For many de-
tection geometries, such as the present one, it may be assumed that
the photon is detected before the neutron because the mean velocity
of neutrons from nuclear fission is roughly an order of magnitude
smaller than the speed of light. Therefore, the method does not require
y-neutron discrimination capabilities, nor does it require measur-
ing the particle energies. The CNGET technique uses the full set of
time difference distributions, which are accumulated continuously
during the measurement time, each corresponding to one unique pair
of detector elements to localize the source. The measurement time
will vary depending on the application, from short (seconds to minutes)
time scales in the case of security and emergency scenarios to longer

time scales, e.g., for spent fuel verification in nuclear safeguards.
Figure 4 shows examples of y-neutron time difference distributions
obtained from measuring on the same Cf-252 radioactive source as
described above, placed in different positions. As can be seen in the
figure, these distributions have different characteristics depending
on the position of the source. Hence, they can be used to provide the
location of the source in space with the aid of, e.g., machine learning.

In the present study, we have trained an artificial neural network
(ANN) algorithm using the deep learning toolbox in the MATLAB
(27) computational software package. Figure 5 shows the results ob-
tained for the Cf-252 source described above when placed in three
different positions, each point measured during 1 min.

DISCUSSION

To ensure public safety and international security, the risk that nu-
clear or other radioactive materials could be subject to illegal traf-
ficking and used in criminal or other unauthorized acts must be
minimized. This requires versatile detection systems that can rapid-
ly detect SNM and other radiological threats in real time. The pos-
sibility to rapidly and precisely locate SNM, e.g., at border controls,
postal mail centers, or transport hubs, would provide an important
tool for counterterrorism measures and nonproliferation efforts.
3D imaging of SNM also has several other important potential ap-
plications, e.g., for nuclear emergency response, spent fuel verifica-
tion in nuclear safeguards, and environmental surveying.

In the recent work of Steinberger et al. (13), a state-of-the-art
compact 2D radiation imaging system for SNM was presented on
the basis of the principle of neutron scatter imaging with organic
scintillation detectors. The here presented NGET and CNGET
techniques enable localization of SNM in 3D with higher accuracy
and orders of magnitude higher efficiency. Although there is a sub-
stantial difference between the detector system used in the present
work and that used by Steinberger et al. in terms of detection geom-
etry, in the total volume of the active detector medium, etc., an im-
portant reason for the higher performance obtained here is the use
of the fundamental properties of y-fast neutron correlations from
nuclear fission, in particular the emission of multiple, prompt y-rays
with a high average multiplicity (25).
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Fig. 4. Examples of measured y-neutron time difference distributions for three different source positions relative to the center of the detector system (see
Materials and Methods for details): green: (x,y,z) = (0,—20,0) cm, black: (x,y,z) = (0,0,0) cm, and red: (x,y,z) = (0,20,0) cm. Each panel corresponds to the measured
time differences between the detection of a neutron in a specific sensor position (see panel label) and the correlated detection of a y-ray in sensor position #0. The time
differences are plotted in the range relevant for the present RPM geometry, when no modest amounts of shielding materials are present.
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Fig. 5. CNGET localization results for the Cf-252 source described in the text.
Results are shown for three different source positions, as indicated by the red
crosses, within the central plane of the detector system. For each source position,
1-min measurements were repeated up to 1440 times. The plot shows the distribu-
tion of the measurement results, using a pixel size of 1 cm? The color scale on the
right indicates the number of measurement results falling into each pixel.

It is noteworthy that the RPM detector system used in the present
work has not been optimized for efficiency, nor has it been designed
for imaging purposes. Substantially improved spatial resolution and
response uniformity could be obtained by using a set of more uni-
formly distributed detectors or adopting a higher detector granular-
ity (i.e., smaller detector cells). Still, the results are remarkably good
with an average position uncertainty of 4.2 cm for a 10-s measure-
ment of this relatively weak source, approximately 35% of the Cf-
252 source activity specified in the ANSI N42.35-2016 industry standard
(28) for RPM sensitivity characterization with sources moving at a
speed of 1.2 m/s. Furthermore, while the imaging performance is here
demonstrated with stationary sources, the method could readily be
adapted to linearly moving objects with the aid of an optical track-
ing system.

In this work, we have discussed the use of y-fast neutron correla-
tions from fission for rapid localization and imaging of SNM. An
additional source of correlated neutrons and y-rays from these
materials are (o, ny) reactions on light elements [see (29)]. These
reactions are possible when actinides are in close contact with light
elements, e.g., as fluoride or oxide compounds commonly used in
the processing and fabrication of nuclear fuels. Many of the most
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Fig. 6. CAD model of the detector system including its mechanical support
structure. The coordinate system used in Figs. 2, 3, and 5, with its origin in the cen-
ter between the two detector assemblies, is indicated. Indicative dimensions of the
detector system are also shown.

important actinides present in common SNM undergo spontaneous
o-decay. The emitted o-particles may induce (a,n) reactions with
light nuclei when their kinetic energy is sufficient to overcome the
Coulomb barrier. In a fraction of these reactions, the residual nucle-
us is left in an excited state, typically with a short, subnanosecond
lifetime, which may decay with the subsequent emission of one or
more y-rays. The time correlations between the emitted neutrons
and y-rays are typically similar to those for spontaneous fission, al-
though the multiplicity of neutrons and, in particular, y-rays in
these reactions are lower. Although the image reconstruction effi-
ciency is expected to be lower for these reactions, they may provide
an important means to locate the presence of some nuclides of in-
terest for which the spontaneous fission branch is insignificant. The
neutron energy spectra from (a,n) reactions at the relevant incident
o-particle energies (30) can have substantial overlap with those from
spontaneous fission. Nevertheless, the effects of (a, ny) reactions on
the performance of the NGET imaging algorithm and its optimiza-
tion require further investigation.

Scattering in the object of interest or in surrounding materials is
a potential problem for all radiation imaging methods. One of the
challenges in applications, such as nuclear security, safeguards, and
emergency response, is the possible presence of shielding materials
that may not only attenuate the radiation from the source but also
distort the time and energy correlations in the detected radiation.
For example, RPMs may need to deal with radiation sources that are
embedded in cargo and/or clandestinely transported within shield-
ing materials. Materials surrounding a source reduce the measur-
able flux, thereby increasing the minimum detectable activity. They
may also lead to bias in the localization due to inhomogeneous at-
tenuation and scattering of neutrons resulting in different energies
and flight times. Similar effects are present for neutron scatter cam-
eras and warrant further attention.

Both NGET techniques presented here can be used to rapidly
localize small amounts of SNM with high accuracy. This opens the
possibility for a paradigm shift in national security applications,
nuclear safeguards, and environmental surveying and for nuclear
emergency responders. In addition, the CNGET technique only relies
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Fig. 7. lllustration of the Bayesian source localization algorithm. The probabil-
ity to find the source at the position 7; — 7, calculated for a fixed time difference
between neutron and y-ray detection At,, = 10ns, is shown as a function of the
angle and distance to the source position as seen from the neutron detector.

on the fast timing properties of the sensor elements and can there-
fore be implemented with relatively modest technical modifications
into standardized RPM designs using conventional plastic scintilla-
tors. On the other hand, the image resolution improves more rapidly
as a function of measurement statistics (i.e., measurement time) with
full event-by-event NGET imaging due to the additional information
on the neutron kinetic energy that is included in the image recon-
struction. An additional advantage is that the event mapping tech-
nique uses an analytical probabilistic approach to the reconstruction of
the source location as opposed to empirical machine learning methods.

MATERIALS AND METHODS

Detection system

The 3D imaging capabilities of NGET are developed and illustrated
within the framework of an RPM system. However, the method is
applicable to any radiation detector system containing a minimum
of two geometrically displaced sensor elements with a fast (ns) time
response and with at least one detector element sensitive to fast
neutrons and at least one sensor element sensitive to y-rays. Some
organic scintillators are well suited for this purpose as they are sen-
sitive to and may discriminate between fast neutrons and y-rays using
pulse shape analysis (PSA). They also have a fast time response (typically
around 1 ns or better) as well as limited spectroscopic capabilities.
The RPM prototype system constructed at KTH (25) that we use for
illustrating the new imaging method consists of an array of sensors
placed in two vertical pillars with a geometry as specified in the
ANSI N42.35-2016 industry standard (28), together with the as-
sociated electronics. In the current configuration, a total of eight
127-mm-diameter by 127-mm-length cylindrical EJ-309 scintillator
(31) cells are arranged in two two-by-two detection assemblies, one
in each pillar. A computer-aided design (CAD) model of the detec-
tor system including its mechanical support structure is shown in
Fig. 6. The EJ-309 scintillator was chosen for its excellent y-neutron
discrimination properties (32), which enabled the RPM to detect
single neutrons with a low level of contamination from background
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y-rays (25). y-Neutron discrimination is not strictly needed for im-
aging because correlated neutrons and y-rays are typically well sep-
arated by their relative detection times. However, the results are
somewhat improved by identifying the neutrons using PSA and
measuring their recoil energy in event-by-event mode.

It is worthwhile to point out that the imaging capabilities of the
system are not dependent on the object being inside the portal, nor
that the system contains two separate pillars of sensor elements.
Each detection assembly has its own inherent imaging capabilities,
and different, more compact sensor geometries are also possible,
providing single-view imaging. The attainable image resolution will
depend on the detailed geometry of the detection system.

The EJ309 scintillator was chosen as detection medium as it fea-
tures a number of chemical properties recommending it for use in
environmentally challenging conditions outside the laboratory. These
properties include a high flash point, low vapor pressure, and low
chemical toxicity (31). However, there are other organic scintillator
materials with excellent and complementary properties like
trans-Stilbene (trans-1,2-diphenylethene) or plastic scintillators (33, 34)
available that may be equally well or better suited for different
applications.

Each detector cell is optically coupled to a Hamamatsu R1250
photomultiplier tube. The four photomultiplier tubes in each detec-
tion assembly are powered by a four-channel CAEN DT5533 high-
voltage power supply. The photomultiplier tube anode pulses are
acquired and digitized with an eight-channel CAEN DT5730 digi-
tizer board featuring a 2-Vpp dynamic range, 14-bit resolution, and
500-MHz sampling rate. The time-synchronized data are transferred
using a universal serial bus (USB) 2.0 link to a personal computer
(PC) running on a Linux or Windows platform. Besides the raw
data transfer of detector waveforms, the digitizer also features firm-
ware programmable PSA using two field programmable gate arrays
(FPGAs) of type Intel/Altera Cyclone EP4CE30, each handling four
of the analog-to-digital converter data streams. The digitized sig-
nals from the RPM detector modules can be processed in real time
within the digitizer FPGAs to extract charge integrals, pulse shape
information, and timing information. The data are transmitted via
USB to an industrial PC, where further processing is performed.
The PSA algorithm for distinguishing y-rays from neutrons is based
on the charge comparison method (35), whereas the time-of-arrival
information is extracted using a digital constant fraction discrimina-
tion algorithm. Energy information for each trace is deduced using
a moving window deconvolution algorithm. The processed data stream
contains information on the individual detected neutrons and y-rays
(energy, time, and the sensor element that registered the hit) as well as
time-averaged single-neutron and y rates, fast coincidence rates
for y-neutron, neutron-neutron, and y-y events with adjustable co-
incidence time windows and thresholds. Typical coincidence time win-
dows are 0 to 100 ns for y-y and neutron-neutron events and 10 to
100 ns for y-neutron events. For different detection systems, the op-
timal coincidence time windows will scale with the dimensions of
the objects of interest.

Methods

Source localization using Bayesian inference

The NGET algorithm designed to find the location of a fission
source is based on Bayes’ theorem, which gives a way to estimate
the probability of a hypothesis H to be true, given the occurrence of
an event E
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P(E | H) P(H)

P(HIE) = ==

(1)

where P(E | H) is the probability of the event to occur given that the
hypothesis is true, P(H) is the probability that the hypothesis is true,
and P(E) is the total probability that the event occurs.

We define the event E as the detection of a y-neutron coinci-
dence, with a time difference At,, between y-ray and neutron detec-
tion and a detected neutron-recoil energy, as measured from the
light output L. For each voxel in space, we form the hypothesis H;
that the event originated from the center of the voxel 7. The time
difference can then be written

|?n - _;| |? Y~ ;!l |

Aty = ty—1y = —T5——~ C (2)

where 7, and 7, are the positions of the detector elements hit by the
neutron and y-ray, respectively. For a given position 7;, the neutron
TOF is then

|ry_’_";'|

th = Aty + ——— (3)

From the neutron TOF, its kinetic energy, E,, is calculated. The
probability that a neutron with this kinetic energy is emitted is tak-
en from evaluated prompt fission neutron spectral data (36). The
PDF of possible event origins forms a fuzzy semispherical shell
around the neutron detector position in space (see the illustration
in Fig. 7).

The predominant interaction of neutrons in the organic scintil-
lator is due to elastic scattering off protons. The neutron mean free
path in the detector medium is on the order of a few centimeters for
typical fission neutron energies. Therefore, the probability to have
more than one scatter within a detector element can be relatively
large, even for modest detection volumes. Each scattering interac-
tion transfers a portion of the neutron’s kinetic energy to the recoil-
ing proton. A fraction of this energy is converted into fluorescent
light in the scintillator. In the measurements, the scintillation light
is converted to an electrical current pulse in the photomultiplier
tube. The charge contained in this pulse is then integrated to pro-
vide a measure of the deposited energy.

Qualitatively, the light output recorded from neutron interac-
tions in the detector medium allows us to determine a lower limit
for the kinetic energy of the incident neutron. However, because of
the nonlinear conversion of recoil energy into scintillation light and
the stochastic nature of the scattering process, there is a large varia-
tion in light output from the scintillator for events with a given in-
cident neutron energy. A quantitative estimate of the probability
that a neutron of a given kinetic energy produces a certain light out-
put is given by the light-output response function R(L | E,). We
have calculated it using the Monte-Carlo code Geant4 (37) to account
for the possibility of several scattering events inside the detector by
the same neutron as well as other types of interactions. In the Mon-
te-Carlo code, we use the proton light-output function from En-
qvist et al. (38) and also take the detector energy resolution
into account. An example of the light-output response function is
shown in fig. S1, where it is compared with experimental data from
Enqyist et al. (38). This information is then used when calculating
the PDF for each event.

Petrovic et al., Sci. Adv. 2021; 7 : eabg3032 19 May 2021

Given an event E, the probability of the hypothesis H; to be true
is calculated as

P(E|H;)=®(E)) R(L | Ey)SE, (4)

where ®(E,,) is the prompt fission neutron spectrum, 3E, is the neu-
tron kinetic energy resolution, and the index i refers to a specific
voxel. The total probability that the event occurs is then

P(E)=Y P(E | H) ®)

The probability that the hypothesis is true is initially unknown
and the quantity that we are looking for. As an initial guess, it is
taken to be uniformly distributed in the space defined by the voxels

Po(H;)=1/n, Vi (6)

where 7 is the number of voxels. The probability that the hypothesis
is true is updated after each event. If we would be sure that all ob-
served events are from the source that we are looking for, it would
be natural to use

Pi(H;)=Pi_1(H; | E) (7)

where k indexes the event number. In this case, the convergence is
very fast; however, any spurious event due to accidental coincidence
with background or scattered neutrons has a detrimental effect on
the final result. To make the convergence more reliable, we there-
fore update the image according to

Pi(H;)= (1 - w) Py (H;) + WP (H; | E) ®)

W = {O!Pk_l(E), ifOth_l(E)< 1 (9)

1, otherwise

where o is a weighting factor, which is chosen to have a good com-
promise between fast convergence and low sensitivity to spurious
events. In the present study, a value of o = 10 was chosen. Note the
use of P _ 1(E) in the weighted sum; this quantity is small for events
whose PDFs have a small overlap with the current guess for the
source location probability. Thereby, it gives a way to suppress
events that do not agree with most events.

The result of the algorithm is the PDF of finding the source as a
function of the position. The application of the algorithm to exper-
imental data from the RPM with the source in different positions is
illustrated in Fig. 2. After 10 s of measurement with the detection
geometry and source used in the experiments (1900 fissions/s), the
source location PDF has an SD of about 4 cm. The absolute accura-
cy of the most probable location for long measurement times with
the present detector geometry is given by a point spread function
with an average SD of about 1 cm in a sensitive volume of 1.0 m x
1.0 m x 1.8 m. The achievable accuracy is highly dependent on the
number of radiation sensors and their geometrical placement. A
larger area of sensitivity and improved accuracy could be achieved
with a refined detection geometry.

Imaging multiple and distributed sources

The basic assumption made in the source localization algorithm is
that all events originate from the same source position. If more than
one source is present, the algorithm will, at best, find only the most
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intense one. However, image reconstruction can be applied in a
similar way to the Bayesian source localization algorithm. Instead of
treating each event separately, accumulated data on At,, and L is
used. From the accumulated data, an image is deconvoluted using
the iterative Bayesian unfolding algorithm of D’Agostini (24). The
number of coincidences originating from the voxel i is estimated as

nc(H)~ YP(H; | E)
j=1

(10)

where ng is the number of events. The response function P(E | H;)
is the same as in the source localization algorithm described above.
The deconvolution algorithm requires a first guess of the image
P(H) as starting point. The closer the initial guess is to the true im-
age, the better the result will be. In Fig. 3, we demonstrate the func-
tionality of the method in the worst-case scenario, i.e., no prior
knowledge of the image. As starting point, the prior is then taken to
be uniformly distributed in space. The image intensity resulting
from Eq. 10 is used as the prior in the next iteration and so on.

When applying an iterative image deconvolution, it is necessary
to use a convergence criterion to determine when to stop the itera-
tion. We use here the same approach as Steinberger et al. (13). The
variance in image difference from two consecutive iterations is used
to characterize how nonuniformly the image changed

o; = Var({nc(Hih = {nc(Hi)}es1) (11)
where {nc(H,)}« is the vector of voxel intensities for iteration num-
ber k. In fig. S2, this parameter is plotted as a function of the itera-
tion number, for the data presented in Fig. 3. We have chosen the
convergence criterion c,% < 1%.

NGET imaging based on cumulative time difference
distributions (CNGET)

For a system of N detector elements, there are N(N — 1) unique time
difference distributions, taking into account which detector ele-
ment detected the first in a time-correlated pair of particles emitted
from a fission event. The CNGET technique uses this complete set
of cumulative time difference distributions to determine the loca-
tion of SNM in 3D using machine learning. With this technique,
one may, similarly to event-by-event-based NGET, analyze these
time difference distributions continuously as they are updated
during a measurement, successively improving on the accuracy of
the localization. Although not discussed in the present work, the
method can also be applied to imaging of multiple or distributed
sources using iterative image reconstruction methods.

Machine learning based on a four-layer feed-forward ANN was
used to analyze the data in the present work. The Neural Network
Fitting App (nftool) from the Deep Learning Toolbox in the MAT-
LAB computational software was used for training and testing.
Nftool can solve the data-fitting problems using feed-forward net-
works with two or more layers. From this app, a MATLAB script is
generated to modify the training process. In the present work, train-
ing data were constructed as a matrix of input column vectors. Each
vector included the first, second, third, and fourth moment extract-
ed from the y-neutron time difference distributions, for all 56 detec-
tor combinations. The target vectors were the actual positions of the
Cf-252 source for each measurement. During the training process,
the training and test data were randomly divided into two sets so
that 90% of the data were used for training and 10% were used as a
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completely independent test of network generalization. The ANN
used a sigmoid transfer function in the three hidden layers and a
linear transfer function in the output layer. The number of hidden
neurons was set to 10 in each of the three hidden layers. The best
prediction results were achieved when the network was trained us-
ing a Bayesian regularization algorithm. During the training pro-
cess, the performance of the network was monitored. The regression
plot, displayed in fig. S3, displays the network outputs for training
and test data. If the network outputs would be equal to the targets, the
data would lie along a 45° line for the perfect fit and the R value would
be equal to 1.0. For our problem, the fit was objectively good, with
R values higher than 0.92 for all sets. The R value for the test set will,
after some training time, reach its highest value and slowly start to
decrease due to overfitting. This is the sign to stop the training
process.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/21/eabg3032/DC1
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