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Abstract

A multi-detector fast neutron radiography panel was built using the pre-
vious work on scalable neutron radiography using the IDEAS ROSSPAD
readout module. A new aluminum housing was built to accommo-
date a large number of detectors tiled together. Additional changes to
startup and processing code were made to operate the detector as one
cohesive unit. Spatial resolution of the full panel using Cs-137 gam-
mas was reported to be 0.42 line pairs per centimeter at 90% MTF
and 2.09 line pairs per centimeter at 10% MTF. Three neutron radio-
graphs generated using a Cf-252 fission neutron source were used to
determine the spatial resolution of the panel for neutrons. The exper-
iments had 90% MTF values of 0.24, 0.3, and 0.27 line pairs per
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centimeter and 10% MTF values of 1.30, 1.46, and 1.40 line pairs per
centimeter. An example neutron radiograph was also used to prove
that the radiography panel can perform true neutron radiography.

Keywords: Fast Neutron Radiography, Proton Recoil Neutron Radiography,
Neutron Counting, Neutron Radiography, Radiation Imaging, Silicon
Photonics

1 Introduction

The growth of neutron radiography has led to many innovative concepts and
designs for both the neutron generator and the neutron detection system. Neu-
tron imaging systems, particularly using fast (14.1 MeV) neutrons, offer a wide
range of detection methods to generate images, including camera-and-mirror
setups [1][2][3], thin-screen converter panels [4], and photomultiplier (PMT)
arrays [5][6]. All of these systems have advantages and disadvantages given
the application space they are applied to. All of these systems, however, are
limited in their scalability and portability. Prior work by this group demon-
strated a new imaging concept comprised of commercial-off-the-self detectors
[7]. These detectors, the IDEAS ROSSPAD, use a board containing an array
of 64 SensL MICROFJ-60035-TSV Silicon Photomultipliers (SiPMs) and can
be easily tiled together into a larger radiography panel [8]. This new form fac-
tor provided an alternative to the systems currently in use that more easily fit
the scope of the use case it was built for.

For generating radiography images, the IDEAS ROSSPAD readout module
showed promising results using a weighted-average localization method. Images
generated using both Cs-137 and Cf-252 achieved sub-SiPM spatial resolution.
Cs-137 images have a 10% modulation transfer function (MTF) resolution of
2.32 line pairs per centimeter and Cf-252 images have a 10% MTF resolution
of 3.35 line pairs per centimeter [7]. For a bare board containing 6-mm-pitch
SiPMs, the theoretical spatial resolution is 0.833 line pairs per centimeter.
This method of generating images is also simple to implement and compute,
decreasing image generation times.

Single-ROSSPAD imaging is incredibly useful for a wide range of applica-
tions. The size of these detectors, however, limits their use as a standalone
imaging system. A single ROSSPAD is limited to a detection area of 50 mm by
50 mm [8]. Smaller commercially-available x-ray imaging panels easily exceed
the size of a single ROSSPAD. For example, the Varex 1207 CMOS Flat Panel
Detector, their smallest area imaging system, has an active area of 120 mm by
70 mm, over three times larger than a single ROSSPAD [9]. Current state-of-
the-art neutron imaging systems found in laboratory settings also have larger
active areas. A single detector package used in the Advanced Portable Neutron
Imaging System (APNIS) at Oak Ridge National Laboratory used segmented
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scintillator blocks that measured 104 mm by 104 mm, though the spatial res-
olution was limited to 1 centimeter [5]. These blocks could be tiled together
using detector electronics used in medical imaging to build a larger radiogra-
phy panel [5]. Bishnoi et al. had a larger active area than the ROSSPAD, 300
mm by 300 mm, while maintaining millimeter-scale spatial resolution [2].

This research expands on the original ROSSPAD imaging system, using
multiple ROSSPAD detectors tiled together to make one larger radiography
panel. While the original ROSSPAD processing routines used in Young et al.
were designed to be used in a scalable radiography panel, some changes were
needed in order to produce high-quality images from detector data [7]. Spatial
resolution and image processing will be compared between the two systems
to demonstrate the feasibility of building large imaging arrays from multiple
detectors sharing the same set of data. An example large-scale radiograph will
be included to showcase the capabilities of this system.

2 Methods

2.1 Detector Hardware

A large-scale radiography panel built with the ROSSPAD readout module uti-
lized the same detector hardware as the original work done by this group [7].
The larger radiography panel still uses a 3-mm-thick sheet of EJ-200 plas-
tic scintillator coupled with a 3-mm-thick sheet of polycarbonate as a light
spreader. This scintillator package, however, is much larger, measuring 300
mm by 300 mm instead of 50 mm by 50 mm. This larger scintillator package
can now cover a 6 by 6 area of ROSSPAD detectors. By using one continu-
ous package, light from a single event can spread to multiple ROSSPADs if
the event occurs at the edge or corner of a detector. This will enable cross-
ROSSPAD localization, reducing the issues of events not spreading to the true
edge of the detector as shown in the single-ROSSPAD work.

A new aluminum housing was designed to accommodate the array of detec-
tors. A solid aluminum lid keeps the scinitllator package and SiPMs contained
and protected. A gasket material is placed between the SiPM board and the
rest of the ROSSPAD module to keep the area under the lid light tight. Putting
all of the ROSSPADs together in one place generated enough heat to require
active cooling. A total of twelve (six inlet and six outlet) Noctua NF-A4x20
fans actively cooled the ROSSPAD detectors [10]. Removable handles and a
removable base plate allow for easy transport and deployment of the detector.
Figure 1 shows the front of the panel with the aluminum lid attached. Figure
2 shows the inside of the panel before ROSSPADs were added.

Initial testing of the multi-ROSSPAD panel was performed using a 4 by
3 area of detector modules. Time constraints and limited computer hardware
capability limited the ability to evaluate a full 6 by 6 radiography panel. It
should be noted that methods employed on the smaller 4 by 3 area will still
scale to any size, even beyond the originally planned 6 by 6 panel.
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Fig. 1: The front of the full-panel neutron radiography system designed around
the ROSSPAD module.

2.2 Data Handling and Processing

Data handling and processing saw minimal changes between the single and
multi-ROSSPAD systems. Data collection was already performed through a
Power-over-Ethernet (PoE) switch, which could handle all of the ROSSPADs
added to the full panel. Loops were added to allow for parallel ROSSPAD
startup across the whole panel, decreasing detector startup time. Background
and noise correction was exactly the same, but gain correction was scaled to
determine the optimal gain setting using the average gain value on all of the
SiPMs across all of the ROSSPADs in the panel instead of the SiPMs on
just one individual ROSSPAD. This means that the response from any SiPM
will be the same for the same amount of light collected regardless of where it
occurred in the panel.

All but one ROSSPAD internal setting was kept to the default, much like
the singular ROSSPAD work. The default triggering threshold of 28 units was
not enough to allow for cross-ROSSPAD localization. Figure 3 shows that with



Analysis of a Prototype Multi-Detector Fast-Neutron Radiography Panel 5

Fig. 2: Interior of the full-panel neutron radiography system before the
installation of ROSSPAD modules.

the triggering threshold set to 28 units, a typical radiation event that occurs at
the edge of a detector does not produce enough light to set multiple detectors
off. This limits the ability to perform cross-ROSSPAD localization, artifacts
that occur at the boundaries where ROSSPADs meet. Figure 4 shows the result
of lowering the triggering threshold to 20 units. Now when an event occurs at
the edge of a ROSSPAD, the neighboring ROSSPAD is set off as well. The
event can then be localized using the data from both detectors. Lowering the
threshold does increase the amount of noise in the system, but post-processing
techniques will reduce the impact of noise in the final images.

2.3 Image Generation

A new step in the image generation processes had to be added to the previous
process used in Reference [7]. Figure 5 shows a flood field taken with the 4 by
3 area of ROSSPADs. Due to changes in the detector package, a large amount
of artifacts show up within the image. To compensate for this, a method was
borrowed from traditional x-ray radiography that uses flood fields at various
beam intensity levels to correct the response of the pixels and make the image
appear even [11].

The radiography panel works in a particle-counting mode as opposed to
integral mode commonly used by traditional x-ray radiography panels. This
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Fig. 3: A single-event trigger map with the higher triggering threshold value
(28) set. The event space is shown across four ROSSPADs (cyan grid lines).

means that the lowest flood field level can be assumed to be a value of zero
in every pixel. The radiography panel response is assumed to be linear so that
the flood field correction formula can be simplified to:

P(x,y) =
R(x,y)

F(x,y)
(1)

where P(x,y) is the value of the (x, y) pixel in the post-correction image, R(x,y)

is the value of the (x, y) pixel in the raw, uncorrected image, and F(x,y) is the
value of the (x, y) pixel in a flood field using the same source of radiation.
Equation 1 can be applied to any image with ImageJ, allowing for the process
of artifact correction to be done [12]. Corrected flood fields are provided in the
Results section of this paper.

One experiment was performed using a Cs-137 gamma source producing
a collimated line across the face of the detector. Figure 6 shows two stacks
of 3.8 ± 0.1 cm thick tungsten blocks (equivalent to approximately 7 mean
free paths for a 662 keV gamma ray [13]) placed on top of each other, with a
0.2±0.003 cm thick gap separating to two stacks apart. The radiography panel
was placed at a 10° angle so that the line can fall over multiple ROSSPAD
boundaries in both x and y, and the 0.105 mCi Cs-137 gamma source was
placed approximately 25.4±0.1 cm away from the faces of the tungsten blocks.
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Fig. 4: A single-event trigger map with the lower triggering threshold value
(20) set. The event space is shown across four ROSSPADs (cyan grid lines).

Three experiments were performed using a Cf-252 spontaneous fission neu-
tron source. The first experiment, shown in Figure 7, used a collimated edge
comprised of high-density polyethylene (HDPE) measuring 15.3±0.1 cm thick
(equivalent to approximately 5 mean free paths assuming an average fission
neutron energy of 2.105 MeV [14]), placed at the face of the panel. The radio-
graphy panel was again placed at a 10° angle. The 0.090 mCi Cf-252 neutron
source was placed approximately 14.0 ± 0.1 cm away from the face of the
HDPE blocks. The source was placed on a lead shelf-like object that allowed
for approximately 2.5± 0.1 cm of lead to shield the detector from the gamma
rays coming off of the daughter products of the source.

The second Cf-252 experiment, shown in Figure 8, was performed in an
attempt to reduce the geometric unsharpness created by the setup and poten-
tially improve spatial resolution. Instead of an edge, a collimated line was
generated using two 5.1±0.1 cm HDPE blocks placed 0.2±0.003 cm apart, sim-
ilar to the experiment performed with the Cs-137 gamma source. The source
configuration was kept unchanged between this and the last setup, with the
0.090 mCi Cf-252 neutron source placed approximately 14.0 ± 0.1 cm away
from the face of the HDPE blocks. The same lead object that allowed for
approximately 2.5±0.1 cm of lead to shield gamma rays from the Cf-252 source.
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Fig. 5: Full-panel flood fields using a Cf-252 neutron source weighted by the
total signal from events in pixel. (N = 1.17× 107 counts)

Fig. 6: Experimental setup for generating a collimated Cs-137 line image on
the full radiography panel.

The third Cf-252 experiment was taken to make the most direct compar-
ison to the spatial resolution found in Young et al. by mimicing the previous
experimental setup as closely as possible [7]. Figure 9 shows a stack of high-
density polyethylene (HDPE) measuring 15.3 ± 0.1 cm thick (equivalent to
approximately 5 mean free paths assuming an average fission neutron energy
of 2.105 MeV [14]) placed approximately 22.9 ± 0.1 cm from the face of the
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Fig. 7: First experimental setup for generating a collimated Cf-252 image.

Fig. 8: Second experimental setup for generating a collimated Cf-252 image.

panel. Because EJ-200 puts out approximately 10,000 scintillation photons per
MeV of energy transferred from a neutron, slowing the neutrons down using
HDPE will lower the light output from any neutrons that are scattered in the
HDPE and still interact in the EJ-200 scintillator.[15] At a certain threshold,
low-energy events will not produce enough light to be recorded by the ROSS-
PAD modules. A 0.090 mCi Cf-252 neutron source was placed approximately
40.6±0.1 cm away from the face of the HDPE blocks. A sheet of lead 0.2±0.003
cm thick was placed in front of the Cf-252 source to block out some of the
gamma rays.
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Fig. 9: Third experimental setup for generating a collimated Cf-252 image.

Fig. 10: A tungsten block and a plastic pipe valve in front of the radiography
panel.

A demonstration image was also taken to showcase the capabilities of this
system. Figure 10 shows a simple test using a 3.81 ± 0.1 cm thick tungsten
block with a small, reduced size portion on top and a plastic ball valve, which
were irradiated using neutrons from the 0.090 mCi Cf-252 neutron source.
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3 Results

3.1 Cesium-137 Images

Figure 11 shows the uncorrected and corrected count-weighted line images.
While the line still appears to have some artifacting present, particularly in
areas where dual-ROSSPAD imaging is needed to localize near the edges of
two detectors, the line still appears straight and well collimated, much like the
results from the single-ROSSPAD imaging. The line was rotated 10° in ImageJ,
and an average profile of the line was generated and exported to Excel. Both
the averaged line values from ImageJ and a fitted Gaussian curve to the values
are shown in Figure 12. On the full panel, the Gaussian fit appeared to fit the
profile from ImageJ better than the fit on the single ROSSPAD, though there is
still some deviation on the left side of the profile. Figure 13 shows a 90% spatial
resolution of approximately 0.42 line pairs per centimeter and a 10% spatial
resolution of approximately 2.09 line pairs per centimeter. Note that the line
connecting the data points are for performing conservative linear interpolation
in order to determine the 90% and 10% MTF values. Both of these values
are slightly less than the same values for the Cs-137 MTF in Young et al. [7].
This may be the result of geometric unsharpness [16]. The gap between the
face of the scintillator and the tungsten blocks for the single ROSSPAD was
only the width of a few pieces of tape, where the larger radiography panel has
several millimeters of foam and aluminum separating the tungsten blocks and
the scintillator package.

3.2 Californium-252 Images

Figure 14 shows the uncorrected and corrected signal-weighted edge images for
the first experiment. The edge in the uncorrected image is almost impossible
to see, but the corrected image does make the edge significantly more clear,
highlighting the importance of correcting the radiographs using a flood field.
Some slight artifacting at the boundaries of ROSSPADs can still be seen in
the corrected image; overall, the radiograph is clear enough to use for an MTF
measurement. The edge was rotated 10° in ImageJ, and an average profile of
the line was generated. Both the averaged line values from ImageJ and a fitted
ERF function to the values are shown in Figure 15. Since significantly more
counts were used to generate this profile compared to the profile on the single
ROSSPAD in Reference [7], there is significantly less variation, allowing for
the functional fit to approximate the experimental data much more closely.
Figure 16 shows a 90% spatial resolution of approximately 0.24 line pairs per
centimeter and a 10% spatial resolution of approximately 1.30 line pairs per
centimeter. Both of these values are significantly less than the same values
for the Cf-252 MTF in Young et al. [7]. While some loss of spatial resolution
was expected due to the geometric unsharpness added from the design of the
radiography panel, the amount of resolution lost does not correlate to the
spatial resolution change seen in the Cs-137 MTF.
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(a) Uncorrected

(b) Corrected

Fig. 11: Full-panel Cs-137 collimated line images that are a) before flood field
correction and b) after flood field correction. (N = 7.63× 106 counts)



Analysis of a Prototype Multi-Detector Fast-Neutron Radiography Panel 13

Fig. 12: Line profile of the collimated Cs-137 image on the full radiography
panel.

Figure 17 shows the uncorrected and corrected signal-weighted line images.
The thinner HDPE blocks used to generate the line decrease the contrast of
the line compared to the rest of the image significantly. Because of this, the
line is nearly impossible to see in the uncorrected image and just barely visible
in the corrected one. Additionally, the lower number of counts caused by a
decrease in acquisition time makes the data significantly more noisy, further
complicating the MTF measurement. The line was rotated 10° in ImageJ, and
an average profile of the line was generated. Both the averaged line values
from ImageJ and a fitted Gaussian function to the values are shown in Figure
18. The extremely high amount of noise in the image and the lack of a true
zero value where the HDPE blocks covered the panel meant that a Gaussian
curve did not fit well to the experimental data. Though the results of an MTF
measurement performed on this Gaussian curve may not be high-quality, it was
still generated in case it offered any insight into the radiography panel; if the
MTF showed promise, a second line measurement could be taken. Figure 19
shows a 90% spatial resolution of approximately 0.30 line pairs per centimeter
and a 10% spatial resolution of approximately 1.46 line pairs per centimeter.
While these values are a slightly better than the collimated edge results, the
high variance and poor Gaussian fit means that these values cannot be trusted
as a true improvement in spatial resolution.

Figure 20 shows the uncorrected and corrected signal-weighted line images.
Much like the first edge image, the corrected radiograph is much more clear
than the uncorrected radiograph, allowing for an accurate MTF measurement
to be taken. The edge was rotated 10° in ImageJ, and an average profile of the
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Fig. 13: Modulation transfer function of the collimated Cs-137 line on the full
radiography panel.

line was generated. Both the averaged line values from ImageJ and a fitted
ERF function to the values are shown in Figure 21. While there are fewer
counts in this image compared to the first collimated edge, the variation is
still lower than the variation in the edge profile in Young et al. [7]. Figure 22
shows a 90% spatial resolution of approximately 0.27 line pairs per centimeter
and a 10% spatial resolution of approximately 1.40 line pairs per centimeter.
Both values are slight improvements compared to the first edge measurement.
However, this and the other two full-panel MTF measurements are similarly
far off from the measurements done on a single ROSSPAD, indicating that the
loss in spatial resolution is not the result of a change in experimental setup but
rather a change somewhere in the detector configuration or image generation
process.

3.3 Comparison to Single-ROSSPAD Images

Table 1 compares the spatial resolution of the different radiography systems
for both gamma rays and neutrons, with single-ROSSPAD data taken from
Young et al. [7]. For gamma rays, the differences between the single-ROSSPAD
system and the multi-ROSSPAD system are relatively minor. The 90% MTF
was reduced by 10.6% and the 10% MTF reduced by 9.9%. The decrease in
spatial resolution is likely the result in the change of the geometry of the setup
for the experiment. With the single ROSSPAD detector, the tungsten blocks
could be placed against the face of the scintillator with only tape between
them. The full panel, however, has a gap between the scintillator face and
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(a) Uncorrected

(b) Corrected

Fig. 14: Full-panel Cf-252 collimated edge images that are a) before flood field
correction and b) after flood field correction. (N = 4.70× 107 counts)
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Fig. 15: Line profile of the first collimated Cf-252 edge on the full radiography
panel.

Fig. 16: Modulation transfer function of the first collimated Cf-252 edge on
the full radiography panel.

the outside of the housing. Increasing the distance between the object and
the detector panel is known to decrease spatial resolution, making detector
configuration changes the most-likely culprit for resolution changes [16].

When moving to neutron radiographs, the changes between setups were
much more drastic. The three experiments saw decreases in spatial resolution
at 90% MTF of 65.7%, 57.1%, and 61.4% respectively. The 90% MTF values
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(a) Uncorrected

(b) Corrected

Fig. 17: Full-panel Cf-252 collimated line images that are a) before flood field
correction and b) after flood field correction. (N = 1.92× 107 counts)
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Fig. 18: Profile of the collimated Cf-252 line on the full radiography panel.

saw decreases of 61.2%, 56.4%, and 58.2%. These reductions are significantly
higher than the reductions between the Cs-137 MTFs, despite the detector
geometry being consistent between the Cs-137 images and the Cf-252 images.
Additionally, changes to the experimental setup across the three Cf-252 full-
panel MTF measurements demonstrate that the large decrease compared to
Cs-137 images is likely connected to the type of radiation used (neutrons vs.
gamma rays).

The most likely explanation behind the sudden decrease in spatial reso-
lution is the introduction of more material in front of the ROSSPAD. The
full-panel system has an aluminum lid that is a quarter of an inch thick, and
compressible foam was added between the lid and the scintillator package to
help keep the scintillator in place. The introduction of these materials likely
leads to increased scattering for both gammas and neutrons. Gamma rays, after
scattering, are more likely to be absorbed at their decreased energies within
the aluminum or foam compared to fission spectrum neutrons. The difference
between the energies of the two particles (0.662 MeV gammas vs. 2.105 MeV
(average) neutrons) and the differences in interaction mechanisms means that
the neutron images will be more blurry due to scattering than gamma images
will be. Further testing on small-area, multi-ROSSPAD panels with and with-
out the aluminum and foam are needed to further determine if this is the main
cause of the decrease in spatial resolution.

3.4 Demonstration Image

Since a Cf-252 fission neutron source was used to generate neutron images,
it is important to demonstrate that radiographs with the source are actually
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Fig. 19: Modulation transfer function of the collimated Cf-252 line on the full
radiography panel.

Table 1: Comparison of Spatial Resolutions

Measurement Setup 90% MTF (lp/cm) 10% MTF (lp/cm)

Cs-137 Line (Single ROSSPAD) 0.47 2.32
Cs-137 Line (Multi-ROSSPAD) 0.42 2.09

Cf-252 Edge (Single ROSSPAD) 0.70 3.35
Cf-252 Edge #1 (Multi-ROSSPAD) 0.24 1.30

Cf-252 Line (Multi-ROSSPAD) 0.30 1.46
Cf-252 Edge #2 (Multi-ROSSPAD) 0.27 1.40

comprised of neutrons and not mostly comprised of gamma rays from daughter
products of the Cf-252 isotope. Normally, pulse-shape discrimination (PSD)
would help in eliminating many of the gamma rays from the Cf-252 source.
However, since the ROSSPAD detectors cannot perform PSD, a new method
was developed as a quick test to determine if neutrons are present.

The ratio of the gamma rays that can transmit through an object is
governed by the equation:

I

I0
= exp

(
−µ

ρ
∗ ρ ∗ x

)
(2)

where I
I0

is the fraction of the gammas that do not interact with the object,
µ
ρ is the attenuation coefficient of the material, ρ is the density of the object,
and x is the thickness of the object. Correction using the flood field gives an
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(a) Uncorrected

(b) Corrected

Fig. 20: Second full-panel Cf-252 collimated edge images that are a) before
flood field correction and b) after flood field correction. (N = 1.23×107 counts)
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Fig. 21: Line profile of the second collimated Cf-252 edge on the full
radiography panel.

Fig. 22: Modulation transfer function of the second collimated Cf-252 edge
on the full radiography panel.

approximation of I
I0
, and by rearranging Equation 2 into:

µ

ρ
= −

ln I
I0

ρ ∗ x
(3)
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Fig. 23: The resultant neutron radiograph of the tungsten block and the
plastic valve.

the approximate transmission coefficient for the incident particles in the
material can be derived and compared to NIST XCOM [13].

The resultant radiograph generated using a Cf-252 source is shown in
Figure 23. Using ImageJ, the log of the ratio of the image to the flood field is
calculated for a large portion of the tungsten block, shown in Figure 24 [12].
By plugging the mean value from ImageJ into Equation 3, as well as the den-
sity of tungsten (19.28 g

cm3 ) and the thickness of the tungsten block (3.81cm),
an approximate value for the attenuation coefficient of the particles through

the tungsten is found to be 1.572× 10−2 cm2

g . In comparison, XCOM lists the

total attenuation coefficient of 0.662 MeV gamma rays (from Cs-137) through

tungsten to be 9.793 × 10−2 cm2

g . These numbers indicate that the particles
from the Cf-252 neutron source are approximately 6.2 times more penetrating
than the gammas from a Cs-137 source, an indication that the majority of the
events in the image come from neutrons and not from gamma rays.

4 Conclusion

A full-panel fast neutron radiography system was built using the IDEAS ROSS-
PADs. Some simple modifications were needed to convert the single-ROSSPAD
imaging processes into full-panel imaging processes. A new aluminum housing
was constructed to house a full 6 by 6 ROSSPAD panel, though technical issues
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Fig. 24: Mean value of the log of the ratio of the image and the flood field,
circled in red. Value generated with ImageJ.

limited the panel to a 4 by 3 usable ROSSPAD area. Changes to gain cor-
rection and triggering threshold were needed to appropriately localize events
across multiple ROSSPADs. Cs-137 spatial resolution saw a slight reduction
from 2.32 line pairs per centimeter at 10% MTF for the single ROSSPAD to
2.09 line pairs per centimeter at 10% MTF for the full panel. Neutron radio-
graphs saw a significant loss in spatial resolution. On a single ROSSPAD, the
spatial resolution was 3.35 line pairs per centimeter at 10% MTF. The full
panel ranged from 1.46 line pairs per centimeter to 1.30 line pairs per centime-
ter at 10% MTF. While the example radiograph using a tungsten block and
a plastic valve showed promise, the loss of spatial resolution in the panel is a
serious concern that needs further exploration before the panel can be used as
a regular instrument.
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