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1. INTRODUCTION 

This brief report describes commissioning measurements performed using a newly constructed fast-

neutron coded-aperture imager intended for performing quantitative measurements of plutonium holdup 

at fuel cycle facilities. The present report was prepared in fulfillment of milestone M3FT-13OR0402054, 

“Imager commissioning and 3D source configuration measurements” of Fuel Cycle R&D Material 

Protection, Accounting, and Control Technology (MPACT) work package FT-13OR040205, “Fast-

Neutron Imaging to Quantify Nuclear Materials - ORNL.” In addition to representing the first 

measurements made with the new device, these measurements also demonstrate for the first time the 

ability to localize one or more neutron sources in three dimensions by combining imaging data from 

multiple measurements in which the imager was positioned at different locations. 

The development and use of fast-neutron imaging technology are motivated by a desire to locate and 

quantify plutonium holdup in scenarios where contact measurements with non-imaging detectors may be 

impractical or their results ambiguous because of surrounding material or nearby sources. Considering the 

goal of quantitative measurements, fast neutrons (as opposed to the more numerous gamma rays) are 

preferred in many situations because of their ability to penetrate equipment and nuclear material that are 

essentially opaque to gamma radiation. However, there are many challenges associated with constructing 

a practical imager for fast neutrons. For example, the ability of fast neutrons to penetrate material also 

leads to challenges in constructing a fast-neutron imager that is sufficiently compact to be suitable for use 

in a facility while remaining sufficiently sensitive to neutron emanations from plutonium or other 

actinides. Moreover, use of the imager in a production environment favors mechanically robust detectors 

that do not contain flammable liquid, unlike the organic liquid scintillators that are typically used to 

achieve fast-neutron detection. Last of all, a single-sided measurement geometry, as is typically used in 

imaging applications, necessitates accurate measurement of the location of a deposit of plutonium holdup 

in three dimensions in order to correctly infer the source strength. In response to these challenges, Oak 

Ridge National Laboratory (ORNL) has built a fast-neutron imager that has a compact footprint and 

whose segmented neutron detectors are built from the first cast plate of the recently developed plastic 

scintillator with pulse shape discrimination properties developed by Lawrence Livermore National 

Laboratory and commercially available from Eljen Technologies as experimental scintillator EJ-299-34 

[1]. This report presents a description and preliminary analysis of mock holdup measurements intended to 

determine the three-dimensional location of one or more neutron sources placed in prototypical 

equipment from a set of imaging measurements that scanned the extent of the equipment. 
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2. IMAGER DESCRIPTION 

While the new imager has been reported on previously [2], a brief description of it is included in the 

present report for clarity.  

Following the construction and use of a previous fast-neutron imager built at ORNL [3,4], the need for a 

more compact and robust imager that could withstand shipment to and from and use in a fuel cycle 

facility was apparent. While successful as a laboratory device, the previous imager was large and 

unwieldy, and the neutron detectors (whose active volume consisted of commercially available liquid 

scintillator EJ-309) were fragile  and sensitive to mechanical shock and temperature changes that were 

relatively modest. Like the previous imager, the new imager consists of an aperture mask and a position-

sensitive fast-neutron imaging detector whose relative positions are set with a linear stage in order to 

adjust the field of view. A schematic diagram of the major imager components is shown in Fig. 1(a), and 

a corresponding photograph of the imager is shown in Fig. 1(b). The linear stage adjusts the mask-

detector separation between a minimum of 23 cm and a maximum of 44 cm (measured from the center of 

the detector active volume to the center of the mask). The total length of the imager is 121 cm (when the 

mask-detector separation is less than 28 cm). At larger mask-detector separations, the electronics module 

protrudes from the back of the imager and increases the length of the imager to a maximum of 137 cm at 

maximum mask-detector separation. Note that with the present neutron detector module length of 50 cm, 

a mask-detector separation of 40 cm, and a mask thickness of 10 cm, it would be difficult to make the 

scale of the imager smaller than 1 m. The mask assembly can be rotated about its vertical axis in order to 

fit through a standard (36 in.) doorway. A photograph of the imager from the front in which the aperture 

pattern is visible is shown in Fig. 1(c), along with the Microsoft Kinect® camera mounted on a thin 

carbon fiber rod in front of the mask. The camera will be discussed later in this section. 

 

Fig. 1. The fast-neutron imager: (a) a schematic diagram identifying the aperture, detector, linear stage, 

and camera components, (b) a photograph of the imager from the same view, and (c) a photograph of the 

imager from the front, showing the aperture mask and camera. 

The aperture mask chosen for the imager is a rank-11 modified uniformly redundant array (MURA) 

coded aperture constructed of high-density polyethylene (HDPE) [5]. The mask pattern was machined in 

each of three 81 cm × 81 cm × 2.54 cm pieces of HDPE that can be stacked to yield a thickness up to 7.6 

cm. The holder for the mask can accommodate mask thicknesses up to 10 cm. In the selected aperture 

pattern, the size of the 11-element base pattern is 26.7 cm. Using a rank-11 MURA, the field of view is 

divided into an 11 × 11 grid of uniquely identifiable basis directions. Consequently, the inherent 
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resolution of such a mask corresponds to the field of view divided by the mask rank. The size of the 

pattern was chosen to give a field of view of 2 m at source-to-mask distances of between 1.5 and 3 m, 

depending on the separation of the mask and detector. For the MURA pattern, the positions of the closed 

and open portions of the mask can be interchanged by rotating the mask 90 degrees. By measuring in both 

of these configurations (referred to as “mask” and “antimask”, respectively) and taking the difference, 

background counts that did not originate in the field of view will cancel, even if they are not uniformly 

distributed across the detector. In the present imager, rotation between mask and antimask configurations 

has been automated.  

The neutron detector portion of the imager consists of a panel of nine individual detectors that are packed 

closely together in a 3 × 3 array to give a total area of 33.7 × 33.7 cm
2
 and are composed of 576 

individual pixels in a 24 pixel × 24 pixel array. The 24 × 24 array of detector pixels is sufficient to 

double-sample the apertures in the mask base pattern. The detectors and their performance have been 

described previously [5], but a brief description is repeated here for clarity. The active volume of a single 

detector module, typically referred to as the “pixel block,” consists of a 10.8 × 10.8 × 5 cm
3
 volume of 

scintillator EJ-299-34 segmented by 3M Vikuiti reflector into an 8 × 8 array of 1.35 × 1.35 × 5 cm
3
 

optically isolated pixels of plastic scintillator. The pixels are viewed through a 28-mm-thick segmented 

acrylic light guide by four 52 mm Hamamatsu R7724-100 super bialkali photomultiplier tubes (PMTs) 

whose shared response determines the pixel of interaction. The detector module is placed in a housing 

whose external dimensions in the imaging plane are 11.2 cm × 11.2 cm. The active area therefore 

comprises 92% of the total. Photographs of the constituent scintillator pixel array, light guide, assembled 

active components, and assembled detector in its housing are shown in Fig. 2. 

 

Fig. 2. The components and assembly of a single detector module. From left to right, the pixel array, light 

guide, assembled detector, and assembled detector in its housing are shown. 

Previous work identified that uncertainty in the distance to a neutron source would be a major source of 

error in the inferred source strength, and therefore the mass of plutonium holdup [2]. Particularly for a 

compact imager with a small mask-to-detector spacing, the most accurate method for inferring the 

distance to a source is to use parallax between two or more successive measurements in which the imager 

was repositioned a known amount between measurements. A number of methods are possible for 

accurately determining the distance the imager was moved between each measurement. For instance, the 

imager could be painstakingly positioned by hand in predetermined locations, the imager could be 

positioned via automated motion control along a track to predetermined locations, or the imager could be 

roughly positioned by hand and its position and orientation for each measurement determined with respect 

to fiducial points in the scene via optical depth data. For the present proof-of-concept measurements, hand 

positioning in predetermined locations was used. For the longer term, rough hand positioning followed by 

accurate determination of the position and orientation of the imager for each measurement would be  

more flexible and easy to use and would require minimal infrastructure. 
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For this purpose, a Microsoft Kinect® camera has been mounted in front of the center of the coded 

aperture mask. The Kinect® records photographs and depth images of the field of view that can be 

registered to the individual neutron images; the camera itself and thin carbon fiber mounting post 

minimally attenuate the neutrons. It is anticipated that the depth data from a combination of images will 

eventually be used both to identify the three-dimensional geometry of the measurement scene (where 

visually accessible) and to infer the position of the imager in each view with respect to fiducial points, 

thereby enabling the combination of data to determine source position from imaging measurements in 

multiple arbitrary positions. Each of the images recorded by the Kinect® has 640 × 480 pixel resolution 

and spans a nominal 58.5 degree horizontal field of view. The depth data has a range of 5 m and a 

nominal precision of 1.5 mm at 50 cm.  
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3. THE MOCK HOLDUP MEASUREMENTS 

A series of mock holdup measurements were performed using the fast-neutron imager. A number of 

ducts, pipes, junctions, and a HEPA house are used as training aids in the ORNL Safeguards Laboratory. 

Three of these fixtures, the large L-duct, the HEPA filter house, and the pipe array, were chosen as 

exemplars of fuel cycle facility equipment for use with the mock holdup measurements. Photographs of 

the (left) L-duct, (center) HEPA filter house, and (right) the pipe array are shown in Fig. 3. 

 

Fig. 3. Photographs of the large L-duct, HEPA filter house, and pipe array used for mock holdup 

measurements. 

Holdup configurations were mimicked by placing known-intensity 
252

Cf sources in the fixtures. For the 

present work, five identical 
252

Cf sources were used. Each of the sources consists of a 0.25 in. diameter by 

0.5 in. long pellet with an activity of 5 Ci (as of August 2013) for a neutron emission rate of 22,000 per 

second. The PuO2 from typical commercial reactor fuel has a neutron emission rate of approximately 650 

neutrons per second per gram (approximately 20 neutrons per second per gram per exposure (in 

GWd/MTU)) [adapted from 6,7]. For this activity level, each of the 
252

Cf sources is equivalent to a 

neutron source strength of 33 g of commercial reactor-grade PuO2. In this conversion, no correction is 

made for different neutron detection efficiencies that might result from the differences in emitted neutron 

energies between PuO2 and 
252

Cf.  

For the measurements, the training fixtures were arranged with the pipe array closer to the imager than the 

HEPA filter house and L-duct so that neutron sources could potentially be above, below, and behind one 

another while still being contained within the fixtures. The layout of the fixtures in the mock holdup scene 

is shown schematically in Fig. 4. 
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Fig. 4. Layout of the mock holdup measurement scene. The locations of the HEPA filter house, pipe array, 

and L-duct are indicated along with the nine scan positions of the imager and the location of the 
252

Cf source for the 

first measurement scene. 

For these measurements, the fast-neutron imager was configured with a 5.1 cm thick mask and a mask-

detector separation of 30 cm, yielding a 200 cm field of view at a distance of 195 cm from the center of 

the mask. In order to scan the entire scene for fast-neutron sources, the fast-neutron imager was 

sequentially moved to each of nine positions separated from the previous position by 60 cm. These 

positions are shown in the floor plan of Fig. 4 as blue squares whose endpoints are labeled “position 1” 

and “position 9.” The location and field of view for position 1 of the imager are also shown on this floor 

plan. In the scan of a particular scene, the imager measured for 20 minutes at each position. A total of six 

scenes were measured. Two of these scenes were relatively uncomplicated, having the five 
252

Cf sources 

located in a single location and two locations, respectively. These configurations will be considered in 

more depth. The remaining four scenes were more complicated, with the five sources distributed  among 

the HEPA filter house and pipe array. For two of the complicated scenes, an additional and more intense 

source having an activity of 52 Ci and a neutron emission rate of 230,000 neutrons per second was 

placed 120 cm beyond the near side of the wall separating the laboratory used for the imaging scans from 

the neighboring space in order to determine whether its position could be identified, in addition to that of 

the others. 

Scene 1 

In the first scene, all five 
252

Cf sources totaling an emission rate of 110,000 neutrons per second 

(comparable to 165 g of reactor-grade PuO2)  were held in a common location by means of a ring stand. 

The position of this source is indicated on the floor plan in Fig. 4 by the red dot. A composite photograph 

of the scene was also produced using the nine individual photographs taken by the Kinect™ camera at 

each point in the scan. This image is shown in the upper panel of Fig. 5. The position of the 
252

Cf neutron 

source in this picture is indicated by the red dot and accompanying red arrow. The grayscale image in the  
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Fig. 5. A composite view of the first scene: (above) photograph and (below) depth image. 

lower panel of Fig. 5 shows the corresponding depth image that later can be used to build the three-

dimensional geometry. 

For each individual measurement in the scan of the first scene, the fast-neutron image was reconstructed 

for all distances between 100 cm and 500 cm and projected into a voxelized space that spanned the scene. 

A slice through the voxelized space that contains the height of the source is shown for the three 

measurement positions that contain the 
252

Cf source in the field of view in (a) through (c) in Fig. 6. It can 

be seen that each measurement individually points to the neutron source. All nine views can be combined 

simply by adding the image data from each position and then dividing each voxel value by the number of 

measurements that contribute to it. This simple combined view, in which the position of the source is 

visually apparent, can be seen in Fig. 7. The streaks apparent at the edges of this combined view of the 

scene are artifacts associated with the response of the imager to a source that is outside the field of view 

but still casts a partial shadow of the aperture mask onto the detector. 
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Fig. 6. Individual coded-aperture images as a function of distance from the imager for a slice in height 

that includes the neutron source. The images are overlaid on the floor plan where the position of 
252

Cf source is 

shown. 
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Fig. 7. A combined image of the nine individual measurements for scene 1. The position of the 
252

Cf neutron 

source is indicated by the “+”. The streaks at the edges of the scene are artifacts associated with the response to a 

source outside the field of view. 

Scene 2 

In the second scene, two of the five 
252

Cf sources were removed from the ring stand and moved to a 

second location closer to the imager and adjacent to the pipe array. The emitted neutron rate from the 

sources at the original location consequently totaled 66,000 neutrons per second, and those from the 

second location totaled 44,000 neutrons per second. The combined image of the second scene is shown 

overlaid on the floor plan, along with the neutron source positions marked by “+” symbols, in Fig. 8.  
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Fig. 8. A combined image of the nine individual measurements for scene 2. The positions of the two 
252

Cf 

neutron sources are indicated by “+” symbols. 

Scene 3 

In the third scene, the five 
252

Cf sources were placed inside the pipe array and HEPA filter house. Three 

sources were taped at positions along a thin aluminum rod so that when the rod was inserted in the 

vertical pipe of the pipe array, the sources were positioned at the locations of the two tees and one elbow. 

The HEPA filter house, as its name suggests, houses a HEPA filter cartridge that is 30 cm on one side and 

seals within the filter house. In the HEPA filter house, a surrogate filter cartridge box constructed of 

plywood replaced the filter cartridge. The surrogate box has slots for positioning each of three 28 cm × 28 

cm × 0.22 cm aluminum plates on which 
252

Cf sources were mounted as desired using adhesive tape. As 

viewed from the front of the filter house, one source was positioned in the near bottom right corner, and 

one was positioned in the far upper left corner. The source positions are indicated by red dots on the 

composite photograph in Fig. 9. 

 

 

Fig. 9. Composite view of scene 3 with the positions of the neutron sources indicated by the red dots. 
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The combined image for the nine measurements of the third scene selected for heights near that of the 

center pipe of the pipe array is shown overlaid on the floor plan in Fig. 10. The positions of the three 

neutron sources in this height range are marked by “+” symbols. Note that contrast in the image is good 

for the near source but poorer for the sources at longer distances. Additional analysis will need to be 

performed to reliably extract distances to sources that are shadowed in this way by nearer sources that are 

comparable in strength or stronger. 

 

Fig. 10. A combined image of the nine individual measurements for scene 3. The positions of the three 
252

Cf 

neutron sources within the height range for this image are indicated by “+” symbols. 

Scene 4 

The fourth scene is identical to the third scene with the addition of a strong source in the next room. The 

combined image for the nine measurements of the fourth scene selected for heights near that of the center 

source on the pipe array is shown overlaid on the floor plan in Fig. 11. The positions of the four neutron 

sources in this height range are marked by “+” symbols. Note that contrast is good for the source in the 

next room because it is stronger than the other sources by about an order of magnitude. 
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Fig. 11. A combined image of the nine individual measurements for scene 4. The distribution of the sources 

is identical to that of scene 3 except for the addition of a strong source in the next room. The positions of the four 
252

Cf neutron sources within the height range for this image are indicated by “+” symbols. 

Scene 5 

In the fifth scene, the five 
252

Cf sources were again placed inside the pipe array and HEPA filter house. 

Four sources were taped at equidistant positions along a thin aluminum rod (to somewhat approximate a 

line source), and the rod was inserted in the center horizontal pipe of the pipe array. A single source was 

placed in the HEPA filter house and positioned at the center of the filter box. The source positions are 

indicated by red dots on the composite photograph in Fig. 12. 

 

Fig. 12. Composite view of scene 5 with the positions of the neutron sources indicated by the red dots. 
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The combined image for the nine measurements of the fifth scene selected for heights near that of the 

center pipe of the pipe array is shown overlaid on the floor plan in Fig. 12. The positions of the five 

neutron sources are marked by “+” symbols. Note that because of the number of sources, accidental 

crossings of rays from different true source positions suggest the presence of ghost sources that are not 

present, such as the darkest point at about 220 cm in front of position 4. Additional analysis will need to 

be performed to reliably extract distances to sources in complicated images with many sources. In some 

cases, more measurement positions may be needed in order to eliminate ambiguities. 

 

Fig. 13. A combined image of the nine individual measurements for scene 5. The positions of the five 
252

Cf 

neutron sources within the height range for this image are indicated by “+” symbols. 

Scene 6 

The sixth scene is identical to the fifth scene with the addition of a strong source in the next room. The 

combined image for the nine measurements of the sixth scene selected for heights near that of the center 

pipe of the pipe array is shown overlaid on the floor plan in Fig. 14. The positions of the four neutron 

sources in this height range are marked by “+” symbols. Note that contrast is good for the source in the 

next room because it is stronger than the other sources by about an order of magnitude. 
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Fig. 14. A combined image of the nine individual measurements for scene 6. The distribution of the sources 

is identical to that of scene 5 except for the addition of a strong source in the next room. The positions of the six 
252

Cf neutron sources are indicated by “+” symbols. 
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4. ANALYSIS 

For simple source configurations, the average response of a number of images can readily identify the 

presence and location of a few sources of similar strength. However, for more complicated scenes having 

a larger number of sources and disparate source strengths, it will generally be difficult to assess the data 

“by eye.” Instead, more complicated analysis is required, and additional measurements may be required to 

resolve ambiguities. For the present work, it is sufficient to consider measuring distances to sources for 

simple scenes involving one or two sources.  

In scene 1, the single neutron source is recorded in the field of view in at least three views (from positions 

3, 4, and 5). For each of these views, the centroid position of the source intensity was extracted from the 

image at each reconstructed distance. The reconstructed images for position 3, 4, and 5 (as a function of 

depth) are shown in the first column of Fig. 15, along with the centroid positions and best-fit lines to the 

sets of centroids. In the second column of Fig. 15, the lines are plotted on the combined image for all of 

the measurements of scene 1. On the lower right, a close-up of the region where these lines intersect is 

shown, in this case identifying the distance to the source as 225 cm from the imager mask center. 

 

Fig. 15. Locating the source in the first scene. 

For scene 2, similar plots were made, although in this case there were four contributing views, two of 

which recorded a single source and two of which recorded both sources. The combined image for all of 

the measurements in scene 2 along with the centroid positions and best-fit lines to the sets of centroids is 

shown in Fig. 16. For clarity, a zoomed image of the intersection points of the lines is shown on the right-

hand side of Fig. 16. These measurements identify the far source at a distance of 216 cm and the near 

source at a distance of 159 cm.  
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Fig. 16. Locating two sources in the second scene. 

Both measurements that capture the same source give an independent measurement of the distance to the 

source, and the spread in these values gives an idea of the uncertainty in the distance. By including data 

from both scenes, the distance to the far source was determined to be 220 ± 3 cm via the radiation 

measurements alone. Likewise, the distance to the nearer source was determined to be 158 ± 3 cm. For 

comparison, the distances as measured with a tape measure corresponded to 219.5 cm and 157.5 cm, 

respectively. The errors in distance for the radiation measurements to the two sources turned out to be the 

same (despite their different distances) because the longer distance of the one source was offset by more 

measurements of its distance. For these measurements, the inferred errors in distance are consistent with 

the accuracy with which the position and direction of the  imager could be set by hand.  
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5. SUMMARY 

ORNL has constructed a new, compact fast-neutron coded aperture imager intended for use in performing 

quantitative measurements of plutonium holdup at fuel-cycle facilities. The design has been chosen to 

reduce cost, to achieve a more compact size for the imager, and to favor sensitivity over angular 

resolution. The imager is envisioned to seamlessly combine arbitrary neutron images exposed in a scene 

in order to deduce the three-dimensional position and activity of the sources. Thus far, the imager has 

been built, proof-of-concept imaging scans of simple and complicated scenes have been performed, and 

scan data have been combined to infer the source distance for simple source configurations. The errors in 

these distance determinations are consistent with the accuracy with which the position and direction of the  

imager was set by hand. Increased accuracy in distance determination is expected following 

implementation of automated motion along a track, or by inferring the exact position and orientation of 

the imager by means of depth data from the Kinect® camera. 
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