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Abstract
Neutron scatter cameras (NSCs) are a type of directionally 

sensitive neutron detector that rely on two consecutive neutron 
scattering events to localize a source of neutrons. NSCs can be 
used to locate, image, and identify unknown neutron sources or 
verify the geometry and identity of known sources. Much techni-
cal progress has been made in improving NSC designs, but little 
literature exists exploring the full range of practical application of 
neutron scatter cameras. This paper seeks to identify scenarios 
related to nuclear security and non-proliferation where deploy-
ment of NSCs may be useful. These situations could include: 
limited searches for sources during cargo screening, counting 
nuclear warheads for treaty verification, verification of special 
nuclear material during inspections, imaging nuclear contamina-
tion, imaging nuclear reactor cores, searching for lost sources, 
and matching neutron images in shipper/receiver or inventory 
management scenarios. These scenarios are examined with 
respect to existing NSC designs and proposed designs in terms 
of usefulness and practicality of deployment when compared to 
currently used detection systems.

Introduction
The field of nuclear safeguards seeks to stop the spread 

of nuclear weapons by developing technologies and polices 
intended to prevent the misuse of nuclear materials and tech-
nology.1 Essential to the nuclear safeguards paradigm is the use 
of radiation detectors to monitor and verify the quantity, identity, 
and movement of radioactive sources relevant to both peaceful 
and weapons programs. Of particular interest is Special Nuclear 
Material (SNM), such as uranium and plutonium, which can be 
monitored and identified using a variety of gamma2 and neutron3 
detection techniques. Detection systems can also be used to 
address accident scenarios involving nuclear reactors or nuclear 
material.

Neutron detectors are attractive for safeguards and accident 

scenarios because of the long attenuation length of neutrons 
when compared to gamma rays and the low natural background 
for neutrons. The high cost of helium-3 has led to several alter-
natives to gas proportional counters in safeguards detection 
systems.4 A subtype of neutron detector that has seen increased 
interest in the last decade is the neutron scatter camera (NSC), a 
detector type that can provide data on the direction of a source 
of neutrons along with count rate and spectroscopic data. This 
paper seeks to survey the existing and proposed designs for 
neutron scatter cameras and identify measurement scenarios 
in which such detectors may be useful within the nuclear safe-
guards regime. Neutron scatter cameras may prove useful in a 
number of measurement scenarios, as they can provide direc-
tional information on neutron sources, can perform fast neutron 
spectroscopy, can discriminate between gamma rays and neu-
trons, can be made portable, can be powered by batteries, and 
contain no moving parts.

Neutron Scatter Camera Technical Overview
Neutron scatter cameras operate by detecting two consec-

utive elastic scatters of a single fast neutron emitted by a nearby 
source. The kinematic principle involved in determining the orig-
inal particle trajectory from two consecutive scattering events is 
similar to the operating principle of Compton Cameras,5 though 
NSCs use fast neutrons rather than gamma rays. The detector 
active volume present in all currently existing NSCs use either 
organic liquid or plastic scintillators. The initial trajectory of indi-
vidual neutrons is determined by finding the approximate (x,y,z) 
position of both the first and second scatter in the scintillator 
volume. The position of each scatter is found by either using 
spatially separated volumes of scintillators or by comparing the 
position and timing of the arrival of light to a series of photodetec-
tors within the same scintillator volume. Spatially separated arrays 
of scintillators may be arranged in either two or more planes or 
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positioned in a radially symmetric arrangement. Examples of 
the three general types of neutron scatter cameras are shown 
in Figures 1, 2, and 3. Mascarenhas et al.,6 Goldsmith et al.,7 and 
Weinfurther et al.8 provide detailed technical discussions of the 
kinematics of scattering in plane-based, radial, and single volume 
designs respectively. After the determination of two consecutive 

scatter positions, the cones encompassing the possible trajec-
tories of individual neutrons are back projected in 3-D space. 
The region of space where the surfaces of all the back projected 
cones overlap is determined to be the direction of the neutron 
source.

Figure 1. Two-plane Scatter Camera, Multiple Scintillator Volumes

Figure 2. Radially Symmetric Scatter Camera, Multiple Scintillator Volumes



6	 Journal of Nuclear Materials Management 2020 Volume XLVIII, No. 2

Topical Papers

Figure 3. Single Volume Scatter Camera, Requiring Fast Timing and a Special Arrangement Of Photodetectors

If the neutron source is sufficiently far enough from the 
detector to be approximated as a point source, then the back 
projected cones will converge on a point which can be described 
by the ordered pair (θ, ϕ), where θ is the azimuthal and ϕ is the 
polar coordinate in a spherical coordinate system with the posi-
tion of first scatter within the detector as the origin. The standard 
neutron scatter camera design cannot determine the radial dis-
tance from detector to source, though the application of a coded 
aperture system or multiple measurements at different locations 

can give some information about the distance to the source.9 If 
the neutron scatter camera is close enough to the source so that 
it cannot be approximated as a point source, then the scatter 
camera can perform a rough imaging of the neutron-emitting 
parts of the source given a sufficiently long measurement time. 
Figures 4a and b show simulation results from a neutron scatter 
camera localizing a distant source approximated as a point with 
an increasing number of cones, while Figures 5a and 5b show a 
nearby, distributed source measured for a “long” counting time.
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Figure 4a. Simulated Localization of a Distant Neutron Source at (270,90) with A) 10 B) 30 C) 300 and D) 1000 Back Projected Cones
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Figure 4b. Diagram of Simulated Measurement Setup for Distant Point Source

Figure 5a. Simulated Distributed Spontaneous Fission Source in Shape of a Barrel Placed One m from
Detector Over a Long Measurement Period
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Figure 5b. Diagram of Simulated Measurement Setup for Distributed Source

Neutron scatter cameras are not the only neutron detec-
tion systems with source imaging capabilities. Coded aperture 
systems9 and time projection chambers10 also allow for neutron 
source localization, though neutron scatter cameras offer several 
advantages over these systems. Neutron scatter cameras are 
capable of comparable imaging resolution given sufficient mea-
surement time and can identify the general direction of an unmod-
erated source in only minutes.11 NSCs using scintillators are also 
capable of low-resolution neutron spectroscopy, which can be 
useful in identifying unknown sources, and can distinguish neu-
trons from gammas by either using pulse shape discrimination or 
through time-of-flight methods. NSCs with a radial multi-volume 
arrangement or single volume designs are capable of 4π fields 
of vision, which can be useful if the source direction is totally 
unknown. Low numbers of output channels and the potential for 
photodetectors to be powered with mobile batteries7 are fea-
tures promising for deployment in measurement scenarios where 
power is scarce. NSCs can also be made relatively compact and 
low weight at the expensive of lower sensitivity.7,8,12,13 Finally, most 
NSCs contain few to no moving parts and do not require pressur-
ization of the detection medium, making them relatively simple 
and safe to transport and operate.

Survey of Existing and Proposed Neutron 
Scatter Cameras

The first camera-type detectors to rely on fast neutron double 
scatters were used to determine the primary direction of the flux 
of solar neutrons. The first such detector, developed by Grannan 
et al., used two planes of liquid scintillators separated by 1 m to 
detect double scatters for neutrons in the range of 2 to 100 MeV.14 
A similar design by Herzo et al. added the capability to deter-
mine the gamma flux direction by using the scintillator volumes 
as both gamma and neutron detectors.15 Neutron imaging using a 
two-plane design was proposed for use in nuclear warhead mea-
surement by Sailor et al. and was explored with a series of Monte 
Carlo simulations and prototype measurements. This project 
found that a warhead emitting 105 n/s could be imaged in about 
2 minutes.16 Several decades later, the SONTRAC imaging spec-
trometer presented a device utilizing stacked scintillation plastic 
fibers to image neutrons between 20 and 200 MeV.17 This design 
was the first to focus on a compact design where the scintillation 
volumes were not spatially separated but were instead optically 
columnarized. A similar design featuring segmented layers of 
plastic scintillators was used by the Fast Neutron Imaging Tele-
scope.18 The FNIT was able to locate 98g of weapons-grade plu-
tonium 1 m away from the detector with approximately 80 double 
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scatter events.19 Around the same time, Vanier et al. achieved 
similar imaging results using eight separate scintillator volumes 
arranged in a two-plane configuration.20 All of these systems most 
closely resemble the two-plane, multi-volume design shown in 
Figure 1, save the SONTRAC, which more closely resembles the 
schematic of the single-volume design shown in Figure 3.

A major improvement in the neutron scatter camera design 
(and the first device to be called such) was the system devel-
oped at Sandia National Laboratory to image neutron sources 
in the fission energy range.6 Improvements to the sensitivity of 
the Sandia NSC were made by increasing the number of detec-
tor volumes used, lowering the energy deposition threshold, 
and implementing more effective neutron-gamma discrimina-
tion by using both pulse shape discrimination and time-of-flight 
methods.21 Further results showed that the Sandia NSC could 

locate a hidden 252Cf source within the hold of a tanker ship with 5 
minutes of measurement time, and could locate the same source 
at a standoff distance of 30 m.22 Later results claimed that the 
Sandia NSC could be applied to warhead monitoring and treaty 
verification through the implementation of a track to adjust the 
spacing between the detector planes and the use of maximum 
likelihood estimation methods (MLEM).23 The adjustable track 
allows the NSC to switch between a high efficiency mode, in 
which the detector planes are closer together, and a high angular 
resolution mode, when the detector planes are farther apart, as 
demonstrated by Figure 6. MLEM, often used in astronomy and 
medical imaging, can be applied to images generated by the 
camera to improve the imaging resolution without any changes to 
the hardware itself. This technique is especially useful when more 
than one neutron source is present.

Figure 6. Sandia Neutron Scatter Camera with a Track Allowing Variable Spacing of Detection Planes. 

When the planes are closer together, the system has a higher double scatter efficiency. When the planes are farther apart, the system  
has a high imaging resolution, as the greater time of flight between planes allows for more accurate cone back projection.
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Another device with fast neutron imaging capabilities devel-
oped to detect and localize SNM is the Dual Particle Imager (DPI) 
introduced by Polack et al.24,25 This system was designed to 
image both neutron and gamma sources with the hope of local-
izing and identifying sources in standoff scenarios. This design 
includes three arrays of detectors arranged into three seperate 
planes: two consisting of EJ-309 liquid scintillators and one of NaI 
scintillators. Both neutrons and gamma rays may scatter in the 
two liquid scintillator planes, while the NaI plane is only sensitive 
to gamma rays. The dual particle approach presents a few advan-
tages when it comes to detecting and localizing sources. Only 
one of the two modes could be used to image a neutron- and 
gamma-emitting source with the presence of intervening shield-
ing: high-Z shielding could be addressed using the neutron-only 
mode, while plastic or other low-Z shielding could be addressed 
using the gamma-only mode. Additionally, a neutron-only mode 
could provide a less noisy source image when the gamma back-
ground field is high. Neutron and gamma modes could be used 
simultaneously with dual-emitting sources to characterize the 
source identity with high confidence. Results with the DPI system 
demonstrated its ability to resolve two MOX canisters separated 
by 20° at a standoff distance of 2.5 m. This system was also able 
to distinguish between a spontaneous fission source and an (α,n) 
source, showing the applicability of such a system in safeguards 
and non-proliferation scenarios.26

Another advance in the development of neutron scatter 
cameras with nuclear security applications was the introduction 
of the Mobile Imager of Neutrons for Emergency Responders 
(MINER) by a group at Sandia National Laboratory12 (also called 
a compact neutron scatter camera for field deployment, with the 
MINER name dropped in a later paper7). Improvements with the 
MINER system include a true 4π field of view and a compact, less 
massive design. Instead of separate planes of detectors, MINER 
uses radially configured scintillator volumes. MINER’s mass is 40 
kg, a significant reduction when comparing to the full-size Sandia 
NSC, which weighed around 330 kg including electronic racks. 
MINER, along with its electronics, can be transported in a single 
high-performance, injection-molded, watertight case and can 
be set up in 10 minutes. When fully set up, the system measures 
0.9 m high and has a 0.4 m diameter. In an early test measure-
ment, MINER was able to resolve an unshielded 252Cf source at 
a standoff distance of 28 m in 30 minutes. MINER’s features and 
capabilities could prove useful in a variety of field measurement 
scenarios that require a “portable” detector. The compactness of 
this system comes at the expense of imaging resolution, as this 

system consists of 12 large, unsegmented, closely-spaced scintil-
lator volumes, an arrangement that leads to high uncertainties in 
time of flight and distance between scattering events.

Several proposed design changes have been made for 
further improvement of the results and versatility of neutron 
scatter cameras. One major area of interest is reducing the total 
detection system size and improving mobility while maintaining  
reasonable efficiency, spectroscopic capability, and imaging 
quality. One method for reducing the size of neutron camera 
systems is to use more compact photodetectors instead of 
relatively bulky photomultiplier tubes. Silicon photomultipliers 
(SiPM) have been considered as an alternative to PMTs with an 
eye toward creating a handheld NSC.13 Ruch et al. demonstrated 
that SiPM coupled to stilbene scintillators showed similar timing 
resolution to PMTs, an important consideration when design-
ing neutron scatter cameras that rely on accurate time-of-flight 
measurements for imaging and spectroscopy. Later work with a 
prototype eight-barred stilbene detector using SiPMs showed 
plutonium sources could be accurately localized with as few as 
20 back-projected cones.27

More recent proposals have sought to make the NSC more 
compact by confining both neutron scatters to a single scintil-
lation volume rather than spatially separated volumes. Chief 
among these proposals is the work done by the Single Volume 
Scatter Camera Collaboration, an alliance of several National 
Laboratories and universities.28 This collaboration has produced 
prototype compact detectors using both monolithic and optically 
segmented concepts. In the monolithic design, light is emitted by 
scattering events in a single scintillator volume. The timing and 
arrival positions of light to a series of photodetectors mounted to 
the scintillator surface is used to reconstruct the original neutron 
direction and energy. In the optically segmented design, light is 
confined to pillars which in turn are coupled to individual photo-
detectors. Weinfurther et al. performed simulations on an optically 
segmented detector consisting of a 20 x 20 x 20 cm block of 
optically segmented pillars with a fast timing response coupled 
to either SiPM or Micro-Channel Plate Photomultipliers (MCP-PM). 
Both neutron scatters occur in the single plastic volume, but the 
scintillation light produced at each scatter location is confined to 
a single 1 cm x 1 cm column by total internal reflection. The x and 
y coordinates of each scatter are determined by the geometry 
of photodetectors coupled to each column that “see” scintillation 
light, while the z coordinate is found by comparing the intensity 
of light pulses collected at opposite ends of each column. The 
MCNP-PoliMi (for neutron transport) and GEANT4 simulation (for 
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light transport) of this detector showed a root mean square error 
of the neutron-proton scattering position of <1 cm and an energy 
deposition error of <50 keV when proton recoils were confined 
to 1 MeV or greater. These low errors suggest a single volume 
scatter camera such as this one can still provide satisfactory 
imaging resolution while also increasing double-scatter effi-
ciency, though due to the idealized nature of simulations actual 
results from such a detector are not expected to be so precise. 
The timing resolution of photodetectors and electronics also play 
a role in image quality, and such effects are not considered here.

Another detector that could potentially be used for 
directional neutron detection is the Segmented AntiNeutrino  
Directional Detector29 (SANDD), which uses an 8 x 8 array of 
plastic scintillators coupled to 5 x 5 cm 64 channel SiPM arrays. 
The operational principle for this detector is very similar to the 
optically segmented Single Volume Scatter Camera. The SANDD 
system has recently demonstrated pulse-shape discrimination 
capabilities for distinguishing neutrons and gammas, lending 
credence to its usefulness as a directional neutron detector in 
addition to its primary use as an antineutrino detector.

Another proposal for a single volume scatter camera relying 
on a monolithic scintillator volume is the miniTimeCube, which 
has primarily been used as an antineutrino detector.30 This design 
uses 24 MCP-PMs coupled to each of the six sides of a 13 x 13 x 
13 cm cube of boron-doped plastic scintillator. The ratios of light 
arriving at the 1536 channels are used to localize the position of 
consecutive scatters. Consecutive scatters are resolved in time 
by using a plastic scintillator with a fast light pulse response and 
fast timing electronics. Geant4 and a MATLAB Monte Carlo algo-
rithm were used to determine that this design could yield errors 
in scatter position of 5 mm and timing errors of 100 ps, though 
again this does not account for uncertainties in the timing of the 
photodetectors and electronics.

NSC designs that rely on many electronic readout channels 
can lead to more compact detectors, but these detectors can 
become prohibitively expensive and complex. One solution to 
reduce cost and digital pulse data produced is the use of signal 
multiplexing, in which the pulses from several readout channels 
are digitized into a single channel for analysis. Wonders and Flaska 
have demonstrated that an imaging array of 64 plastic scintillator 
coupled to SiPMs can be multiplexed into 8 or 16 digital channels 
at the expense of losing some meaningful events.31 Despite the 
reduction in double scatter detection efficiency because of this, 
multiplexing could prove a useful tool in reducing the digitization 
equipment needed for an affordable and mobile system.

The existing and proposed neutron scatter camera designs 
surveyed here present a variety of capabilities in double-scatter 
efficiency, imaging resolution, neutron versus gamma discrimina-
tion effectiveness, portability, and cost. It is difficult to construct 
an NSC with good values for all these characteristics, as improv-
ing some have negative consequences for others. For example, 
the double-scatter efficiency of a detector can be improved by 
increasing the size or number of scintillation volumes, but doing 
this will require a larger and heavier detection system, thus 
decreasing portability and increasing cost. Similarly, increasing 
the average time of flight between consecutive scatters will 
lead to more accurate measurements of energy deposition, thus 
improving the imaging resolution, but only at the expense of a 
lower overall detection efficiency and longer measurement times.

Implementation in Nuclear Safeguards and 
Non-Proliferation Scenarios

Most of the research into neutron scatter cameras and similar 
directional fast neutron imaging systems has focused on the tech-
nical capabilities of such systems, with the actual usefulness and 
versatility mentioned mostly as an afterthought. The goal of this 
section is to identify scenarios where the use of neutron scatter 
cameras or similar systems capable of neutron source localization 
and imaging may be useful, particularly in the realm of nuclear 
materials safeguards and non-proliferation. A list of possible mea-
surement scenarios follows, with a brief speculative description of 
how an NSC system could be used in each scenario.

1. �Neutron Source Localization in Limited Search 
Scenarios

Radiation portal monitors are large-volume detectors 
designed to detect radioactive sources passing through choke-
points along roads, railroad lines, or pedestrian walkways. These 
detectors may also be put in place at the entrances of nuclear 
facilities, at international borders, or other areas where the illicit 
transport of nuclear material may be a concern.32 The high sen-
sitivities of these detectors make them excellent at detecting 
the presence of both neutron and gamma-emitting radioactive 
sources hidden in large vehicles or shipping containers. If a portal 
monitor were to identify the presence of an unexpected source in 
a vehicle, container, or other object moving through the portal, a 
limited search would be needed to identify and secure the source. 
Checking a large vehicle or shipping container “blind” could be 
both hazardous and inefficient for searchers, so having some 
prior knowledge about the exact location of the source within the 
larger container would be desirable. Imaging radiation detectors, 
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like Compton or neutron scatter cameras, could be used to pin-
point compact sources within large containers. Neutron imagers 
may be of special interest as neutrons are far more penetrating 
in shipping containers due to the presence of high-Z materials, 
which shield gamma rays. Several of the systems discussed 
above have already been employed to this end in mock search 
scenarios for locating neutron sources, most notably the MINER 
system. That system was also able to distinguish between 252Cf 
and AmBe sources and localize those sources at a standoff dis-
tance of 28 m.

In limited search scenarios of containers or vehicles, mea-
surement times of 30 minutes may be unacceptably long in 
urgent situations. Measurement times with an NSC system could 
be reduced by adaptably changing the location of the NSC as 
measurements go on. A brief measurement with an NSC or other 
portable radiation detector could be used first to establish the 
general direction of the source, whether it be on the left, right, or 
center of a shipping container, for example. Next, the NSC could 
be moved closer to the area of interest with the goal of pinpoint-
ing the position of the source inside the container without going 
inside of it. The neutron image generated from a few minutes of 
measurement time could be coupled with an infrared, gamma 
or x-ray radiographic image33,34 of the container to ascertain the 
source location and distribution along with the internal compo-
nents of the area of interest. Knowing the general location of the 
source and the internal components surrounding it in advance 
would then make the task of retrieving and securing the source 
safer and more effective for the search team.

2. Verification of Nuclear Warheads
Counting nuclear warheads is a vital component of the New 

START treaty35 between the United States and Russian Federa-
tion, which limits the number of warheads that can be present on 
intercontinental ballistic missiles (ICBMs) and submarine-launched 
ballistic missiles (SLBMs). The possibility of using an NSC to verify 
the presence of nuclear weapon warheads has been explored 
by Brennan et al.23 The use of NSCs to this end is particularly 
interesting because a neutron imager with suitable angular reso-
lution could identify the number of warheads present in a reentry 
vehicle without revealing classified, proprietary, or other sensitive 
information about the specific design of the weapons, information 
that could be revealed when using gamma detection methods. 
Utilizing an NSC without utilizing gamma spectroscopic abilities 
can act as an information barrier,36 a method that can verify the 
presence and number of warheads without giving away classified 
or proprietary information. NSC systems could be integrated into 

the existing framework of arms control verification that already 
utilizes neutron multiplicity counting and high-purity germanium 
detectors. Parties subject to an arms control treaty must mutually 
agree that such imaging neutron systems as NSCs are not too 
intrusive but still provide information valuable to treaty inspectors.

As a technical consideration, NSCs may be desirable in 
the measurement of warheads because neutrons have a better 
chance of fully penetrating the high-Z structural materials present 
in reentry vehicles containing the missile-mounted warheads. By 
applying MLEM, Brennan et al. have shown promising results in 
resolving individual sources, even at stand-off distances realistic 
to treaty-enforced verification.

3. �Verifying the Presence and Movement of 
Nuclear Material in Inspection Scenarios

Nuclear facility inspectors, such as those employed by the 
International Atomic Energy Agency (IAEA), are tasked with per-
forming regular and special inspections of nuclear facilities to 
confirm proper use of materials and technologies.37 Such inspec-
tions generally involve the verification of declared quantities of 
nuclear material, with a focus on fissionable, fissile, and fertile 
isotopes due to their significance in nuclear proliferation. Inven-
tories are usually verified by visual inspection (counting of mate-
rials) and by measurement using several non-destructive assay 
(NDA) techniques, including using radiation detectors. Because 
of the time constraints placed on inspectors, it is often impossi-
ble to verify each inventory item separately, so typically a random 
sample of material is selected for analysis by NDA. When dealing 
with neutron-active materials in such an inspection situation, the 
employment of an NSC could be useful in completely verifying 
an inventory. Say, for example, an inspector wished to verify that 
a waste storage room contains 30 drums containing plutonium. 
Standard protocol would call for the random selection of several 
of these barrels for individual analysis, with the hope that these 
will be a representative sample of the waste. Instead of employ-
ing this approach, an NSC could be set up in this room and left 
to measure while the inspectors continued to inspect the rest of 
the facility. The neutron image generated at the end of a sufficient 
measurement period could then be cross referenced against the 
declarations made of the plutonium content of each of the drums 
to discover any irregularities in the declared quantities based on 
the image, which could indicate a diversion of material.

Inspectors may also find that their access to certain parts 
of a facility is restricted by the personnel of the host facility for 
safety-related or other reasons. NSCs or other imaging detectors 
could then be used to confirm the presence of sources from a 
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distance, without the need to enter an inaccessible area. Neutron 
images would not need to stand on their own in inspection 
scenarios: data collected from visual cameras, count rate data, 
and specifics about facilities would need to be coupled with the 
neutron images for inspectors to draw useful conclusions about 
the nuclear material subject to inspection.

4. �Wide-area Search in Accident or Lost Source 
Scenarios

A portable NSC system could also be of use in a wide-
area search for lost sources or in mapping the distribution of 
widely dispersed sources from an accident or attack. The IAEA 
has published guidelines38 aimed at providing inspection for 
search of lost radioactive sources, indicating that there is some 
need for devices that can grant the searchers some footing in 
such scenarios. If a neutron source was lost within a nuclear 
facility, NSC measurements at several points in the facility could 
help searchers narrow down search areas by comparing the 
4π images generated at different points in the facility. Neutron 
sources could also be spread over a large area in nuclear reactor 
or in nuclear material shipping accidents. A neutron image 
produced by an NSC system could be useful when coupled with 
visual identification and more traditional radiation detectors for 
the radiological response team tasked with securing the sources 
in such an accident scenario. NSC measurements need not be 
taken at a single fixed point; neutron imaging in the field could 
be adaptive. A short initial measurement near the center of the 
identified search area could show which radial directions are 
most “neutron hot.” Next, the NSC could be moved in the direction 
of an area of interest identified by the initial measurement and 
another short measurement could be taken to further zero in 
on any sealed sources or areas of contamination. The iterative 
process of measurement-move-measurement could be done 
across a wide search area as many times as necessary to locate 
any and all nuclear material in the accident area.

5. �Mapping Neutron Source Contamination in an 
Enclosed Space

An NSC could be used to map the distribution of a diffuse 
neutron source that has contaminated a room or other enclosed 
space at a nuclear facility. Typically, the distribution of contami-
nation in a room or enclosed space must be mapped by moving 
a radiation detector throughout a room and recording the rela-
tive count rate at different locations. This process is problematic 
because it unnecessarily exposes the operator of said detec-
tor to possible high dose rates and could lead to the spread of 

contamination. To reduce exposure time in contaminated areas, 
an NSC or other imaging device could be set up in an area of 
interest and left to measure for an appropriate counting time, as it 
would not require an operator to move the system around. The 4π 
neutron image produced could be coupled with a 4π 3-D image 
of the room in question to surmise the relative levels of contam-
ination throughout the room. In 2014, Kishomoto et al.39 demon-
strated a novel Compton camera capable of identifying gamma 
source hotspots in contaminated zones, lending credence to the 
analogous use of an NSC or dual particle system in a similar way 
to identify zones of neutron source contamination.

6. Monitoring of Diversion of Nuclear Fuel
A large effort in nuclear safeguards focuses on securing 

and analyzing spent nuclear fuel, as fuel contains large amounts 
of material that is of concern for nuclear proliferation. Cherenkov 
cameras,40 passive neutron/gamma detectors,41 muon tomogra-
phy,42 and guide-tube-based partial defect detectors43 have all 
been employed to check for fuel pin diversion for spent fuel resid-
ing in pools. Measuring fuel using these methods may not be appli-
cable in all cases, as some require fuel to be placed in accessible 
positions, require clear water, or may not function properly after 
long cooling times. Neutron emission tomography has also shown 
promise for detecting missing pins, though this method requires 
access to the ends of the fuel assemblies and requires collima-
tion of individual pins.44 An NSC could function in much the same 
way as currently existing neutron tomography systems, though it 
would not necessarily require neutron collimation or even be next 
to the assembly, given enough measurement time. Both axial and 
radial neutron images of a measured assembly could be gener-
ated to check for diversion of entire rods or individual pellets along 
the length of the assembly. Generating images detailed enough 
to make determinations about fuel diversion would require long 
measurement times, on the order of hours or days, depending on 
the fuel’s activity and the distance from NSC to fuel, so this method 
would likely not be appropriate in a time-constrained measurement 
situation. Additionally, performing this type of measurement would 
work best with a large NSC system with widely separated detector 
volumes to ensure proper angular image resolution, which in turn 
will make the system less portable. This reality makes a case for 
there being no one-size-fits-all NSC system: applications such as 
fuel assays require high resolution, while search applications favor 
a mobile system with shorter measurement times.

7. External Imaging of Reactor Cores
Knowledge of the neutron distribution within a nuclear 
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reactor core is vital in ensuring the safe operation in standard 
and accident scenarios. Normally, in-core neutron monitors 
relay information about neutron distribution to reactor operators, 
though these systems may be damaged in accidents, making 
operators “blind” to the full situation inside a core. Beaumont et al. 
have presented a method of monitoring the neutron and gamma 
distribution inside a reactor core externally using a scintillator 
equipped with a moving slit collimator capable of determining the 
particle distribution in space.45 An NSC system could potentially 
be used to these same ends, as a reactor could be imaged using 
fast neutrons escaping from the core and moderator by using 
double-scatter back projection. It is unknown how long the mea-
surement time for imaging an entire reactor core with an NSC 
system would be when compared to the slit-collimated method 
discussed by Beaumont et al, but a Monte Carlo simulation of a 
small research or test reactor and neutron scatter camera could 
be done to gauge if experimental measurements are worthwhile. 
An external neutron image of a reactor core could be useful to 
reactor operators if data from in-core instruments are temporarily 
unavailable, or in reactor designs lacking internal instruments.

8. �Neutron Image Matching in Shipping/Receiving 
and Facility Management

An NSC, like any imaging system, can provide a “snapshot” 
of how the radiation distribution for a particle source or loca-
tion “looked” at a particular moment in time. When producing a 
neutron or gamma image of a source distribution, it is vital to also 
record factors such as the location of the detector system relative 
to the source being measured, the source’s position in the room 
being analyzed, the measurement time, and the various energy 
threshold and neutron/gamma discrimination settings. A radiation 
image, along with this set of information about its production, 
could be of use in detecting diversion of nuclear material during 
shipping or between two inspection times at a facility by a system 
of image matching. For example, a source or set of sources could 
be imaged by an NSC upon being loaded into a truck for trans-
port, with special attention paid to the position of the NSC relative 
to the source or sources and the measurement time. Following 
transport and the arrival at a new nuclear facility, another image 
could be generated with the same measurement parameters. 
The before-shipping and after-shipping images could be visually 
or algorithmically compared to detect any diversion of material 
during the transit process. Before-and-after comparison of ship-
ments of nuclear material are already performed, though these 
processes often focus on visual inspection and mass compari-
sons, which could be spoofed.46 This image matching technique 

would naturally need to be implemented in tandem with visual and 
mass-based inspection of shipped materials as a sort of “triple 
check” for radioactive material, along with tamper-indicating seals 
on vehicle and facility doors. Implementing such a system would 
require both the shipper and the receiver to operate identical or 
near-identical NSC systems and measure the source or sources 
with the exact same parameters to ensure that the pre- and 
post-shipment images will indeed match when they should.

In analogy to shipper-receiver image matching, a similar 
system could be implemented to verify inventories within a single 
nuclear facility. When taking inventory of nuclear materials, facility 
material managers could also take a neutron image of the room 
or rooms where the radioactive material is stored. This image, 
along with the relevant parameters concerning its acquisition, 
could be saved along with more typical inventory data such as the 
number, identity, volume, mass, and activity of sources present. 
Having such a radioactive “snapshot” of a collection of sources 
at particular moment could be useful for nuclear material manag-
ers in maintaining a continuity of knowledge about sources and 
their arrangement, which could be useful as a historical record to 
consult in the event of an instance of material unaccounted for.

Strength and Shortcomings of Neutron 
Scatter Cameras When Compared to 
Alternative Systems

Neutron scatter cameras are not the only type of directional 
radiation detector that could be of use in safeguards scenarios. 
Neutron or gamma-coded aperture systems, Compton scatter 
cameras, and time projection chambers can also be used to gain 
information about the spatial distribution of radiation sources of 
interest. Additionally, suites of spatially-separated detectors and 
iteratively moved non-directional detectors have long been used 
to map source distributions in safeguards contexts. Fully evaluat-
ing NSCs for use in safeguards must also account for these alter-
native methods of source localization and imaging.

Several neutron-detecting coded aperture systems have been 
applied to nuclear safeguards and security applications.9,47,48,49,50.51,52 
Coded aperture systems image sources by using a mask featuring 
a known pattern placed in front of a detector. In neutron coded 
aperture systems, the mask can be made a neutron absorbing 
shield or can be another detector. The “shadows” of neutrons that 
pass through the mask to the detector can be convolved to form an 
image of the radiation source, providing both direction and distance 
information about the source. Gas detectors and liquid and plastics 
scintillators have been used as the detectors in various neutron 
coded aperture systems. In general, neutron coded aperture 



16	 Journal of Nuclear Materials Management 2020 Volume XLVIII, No. 2

Topical Papers

systems demonstrate superior imaging resolution when compared 
to neutron scatter cameras, typically <5°. This excellent imaging 
resolution makes coded aperture systems desirable in situations 
when multiple nearby sources are present, when the source loca-
tion needs to be known to a precise degree, or when the radial 
distance to sources is relevant. Coded aperture systems require 
longer exposure time to neutron sources to generate images when 
compared to NSCs. It is also more difficult to gain real-time imaging 
results from coded aperture systems because of the high amount 
of data processing needed for image convolution when compared 
to the event by event back projection used by NSCs. The large size 
of several9,47,48,50 of the neutron coded aperture systems makes 
application where system mobility is a concern challenging, though 
several more compact and transportable time-encoded systems 
have been demonstrated.50,52

Compton scatter cameras and gamma coded aperture 
systems have wide applications in the field on nuclear safeguards 
because of their high accuracy and efficiency in localizing gamma 
sources and the portable size of several designs.5,24,53-55 Gamma 
imagers can provide accurate images of spatial gamma source 
distribution within minutes, making them useful in a variety of safe-
guards settings. The main drawbacks of using gamma imagers 
are mostly due to the nature of gamma ray’s measurement envi-
ronments rather than the systems themselves: the natural gamma 
ray background is much higher than the neutron background and 
gammas are less penetrating than neutrons for most intervening 
materials. Gamma spectroscopic capabilities provided by such 
imagers can also be detrimental in safeguard scenarios where 
gamma spectra can reveal classified or proprietary information 
about source or weapon design.

Time projection chambers have also been shown to be 
capable of directional neutron measurement by tracking ioniza-
tion paths created by fast neutrons traveling in a gas.10 Though 
this type of design is not as well-researched as NSC or coded 
aperture systems for directional neutron measurements, results 
from Bowden et al. suggest that such system may provide com-
parable resolution and sensitivity results to NSCs.

Non-directional neutron and gamma detectors can also 
be used to gain spatial information about source distribution in 
safeguards scenarios. Portable, non-imager detectors can be 
iteratively moved by individuals38 or unmanned vehicles55 to map 
the radiation field of an area. Arrays of radiation sensors can also 
be used to passively monitor source distribution and movement 
through facilties.56 These methods do not provide data equivalent 
to that of true imaging systems and are in many cases limited by 

the physical accessibility of sources, but data from these methods 
can be valuable when paired with directional radiation and other 
spatial data.

When compared to these other directional detection 
methods for safeguards applications, NSCs feature a unique set 
of strengths and shortcomings. They are summarized as follows:

	 Strengths

♦	 Can construct neutron images using individual particle 
scattering events rather than a flux: only 10s of accept-
able counts are needed for a general indication of source 
direction

♦	 Statistical uncertainty can be calculated for each event 
based on energy deposition and time of flight uncertainty

♦	 Low cost when compared to other options: plastic and 
liquid scintillators are typically inexpensive when com-
pared to He-3 gas or semiconductor-based detectors
⊲	 Cost can be increased if compact NSC use more 

expensive electronics like SiPMs or MCPs rather than 
standard PMTs

♦	 NSC systems have been made transportable, with some 
prototype systems approaching handheld size

♦	 Sensitive to wide energy range of fast neutrons; no mod-
erator needed to slow neutrons

♦	 NSC systems can be made into dual particle imagers, 
sensitive to both neutrons and gammas, by using the 
appropriate scintillator materials

♦	 Because of the low amount of data processing needed 
per scattering event, real-time image back projection is 
possible

	 Shortcomings

♦	 Poor energy resolution of organic scintillators leads to 
uncertainties in cone overlap
⊲	 Poor spatial imaging resolution when compared to 

Compton scatter cameras and coded aperture systems
⊲	 Trouble with situations featuring multiple, close together 

sources
♦	 Poor energy resolution leads to poor spectroscopic 

capabilities compared to semiconductor detectors and 
other detectors with better energy resolution

♦	 Cannot gauge radial distance to source without moving 
the camera

♦	 Some NSC designs may use scintillators without strong 
pulse shape discrimination capabilities and must rely on 
time of flight to short pulses into neutrons or gammas, 
leading to some particle misclassification
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♦	 In some cases, localization of a source in a search  
scenario can be performed faster by adaptively moving 
a non-imaging detector in the direction of greater 
count rate

The information in Table 1 provides some estimates for the 
expected measurement range, target measurement time, target 
spatial imaging resolution, and alternative methods that can 
approximate each of the safeguards scenarios discussed in the 

section, “Implementation in Nuclear Safeguards and Non-Prolifer-
ation Scenarios.” The target measurement times and resolutions 
are estimates based on both the demonstrated efficiency and 
imaging resolution of the systems surveyed above and the needs 
for each scenario. In general, source search applications require 
systems with higher efficiency and lower resolution, whereas sce-
narios that involve determining the absence or presence of one 
source among many emitters require better resolution.

Table 1. Neutron Scatter Camera Characteristics for Safeguards Scenarios

Safeguards Scenario

Typical 
Measurement 

Distance Range 
[m]

Target Measurement Time
Target 

Resolution
Alternative Methods for 
Achieving Similar Goal

Neutron source 
localization in limited 

search scenarios

1 to 30 <2 minutes before each 
iterative movement of 

system, <5 minutes for more 
detailed neutron image 
once source is localized

<30° Iteratively moving non-imaging 
neutron detector, Compton 

camera, transportable coded 
aperture

Verifying nuclear 
warheads

~1 <1 hour <5° Coded aperture system

Verifying the presence 
and movement of 
nuclear material in 

inspection scenarios

1 to 5 <10 minutes <5° Coded aperture system, 
Compton camera

Wide-area search in 
accident or lost source 

scenarios

highly variable <30 seconds before each 
iterative movement of 

system

<45° Handheld Compton camera, 
handheld or unmanned vehicle-
mounted non-imaging detector

Mapping neutron 
source contamination in 

an enclosed space

0.1 to 10 <1 hour <10° Coded aperture, Compton 
camera

Monitoring of diversion 
of nuclear fuel

1 to 10 <1 hour <5° Coded aperture, Compton 
camera, count rate matching with 

non-imaging detector
External imaging of 

reactor cores
2 to 10 <24 hours <10° Coded aperture, Compton 

camera
Neutron image 

matching in shipping/
receiving and facility 

management

0.1 to 2 <5 minutes <5° Coded aperture, Compton 
camera, count rate matching with 

non-imaging detector

Conclusion and Proposals for Future Work
The measurement scenarios described here are proposals 

for where the emerging technology may prove useful, though it is 
important to note that the practicality of many of these proposed 
scenarios has not been experimentally explored by existing 
technology. Laboratory experiments that approximate standoff 

detection similar to a limited search scenario and monitoring of 
nuclear warheads have demonstrated promising results in the 
practical application of already-existing designs to scenarios one 
and two. The application of NSC systems to the remaining six 
scenarios are yet to be explored with simulation or experiment 
and may be fertile ground for future work for teams researching 
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directional neutron detection systems.
Implicitly throughout this paper it has been assumed that 

all measurement with the NSC systems discussed are passive 
neutron measurements: that is, they detect and image sources 
with significant spontaneous fission or (α,n) rates. Relying only on 
passive neutron measurements would preclude the detection 
and localization of nuclear material with lower passive neutron 
rates, such as uranium sources, which would require active 
neutron interrogation to properly image. An NSC system could 
indeed be coupled with an active interrogation source, though 
no example of such a system has yet been reported in the lit-
erature. Additionally, active interrogation is not a viable method 
for source localization or imaging if the location of the source is 
unknown, such as in search scenarios. Still, imaging an induced 
fission source like a drum of uranium at close range with an active 
integrating NSC could be possible, though the usefulness of such 
a setup is questionable.

A clear concern when surveying NSC measurement sce-
narios is the inherent tradeoff between imaging resolution and 
detection efficiency. Small, compact detectors are more por-
table and have a higher double scatter efficiency, while large, 
less mobile detectors can provide better resolved images with 
fewer total counts. This reality suggests that a “one-size-fits-all” 
NSC design applicable to all measurement scenarios may not be 
desirable. Wide- and limited-area searches, as described in sce-
narios one and four would naturally require a portable or at least 
transportable system, preferably one that could be moved and 
set up by a single person or a small vehicle. Systems for these 
applications would also benefit from a wide-field of view, making 
radially arranged designs, like the MINER/Compact Neutron 
Scatter Camera, or single volume designs–like the Single Volume 
Scatter Camera, the miniTimeCube System, or the handheld stil-
bene camera–most practical for applications in which the detec-
tor is moved for a series of consecutive measurements. Larger 
detector systems consisting of planar arrays of detectors–like 
the original Neutron Scatter Camera and the Dual Particle Imager 
system–could still prove useful in scenarios where frequent trans-
port of the detector system is not a concern, such as measuring 
inventories in nuclear facilities, externally imaging reactor cores, 
or producing images for shipper-receiver records.

As electronic pulse timing becomes better time-resolved 
and new scintillation materials are developed, the technical capa-
bilities of neutron imaging systems may further improve, making 
the practicality of the measurement scenarios explored here 
increasingly more relevant to those working in the field of nuclear 

safeguards and non-proliferation. Current scatter camera tech-
nology has shown promising results in localizing and identifying 
neutron sources, though more experimental studies and Monte 
Carlo simulations should be performed to verify the feasibility of 
the measurement scenarios outlined in this paper.

Keywords
Neutron scatter camera, neutron imaging, nuclear safe-

guards, detection applications, image matching, source search
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