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7 Abstract

The detection of special nuclear materials (SNM) requires the understanding of nuclear signatures that allow the
discrimination against background. In particular, understanding neutron background characteristics such as count
rates and energies and their correlations with environmental conditions and surroundings of measurement locations
is important in enhancing SNM detection capabilities. The Mobile Imager of Neutrons for Emergency Responders
(MINER) was deployed for 8 weeks in downtown San Francisco (CA) to study such neutron background character-
istics in an urban environment. Of specific interest was the investigation of the impact of surrounding buildings on
the neutron background count rates and to answer the question whether buildings act as absorber of neutrons or as
sources via the so-called ship effect. MINER consists of 16 liquid scintillator detector elements and can be operated
as a neutron spectrometer, as a neutron imager, or simply as a counter of fast neutrons. As expected, the neutron back-
ground rate was found to be inversely proportional to the atmospheric pressure. In the energy range where MINER is
most sensitive, approximately 1-10 MeV, it was found that the shape of the detected background spectrum is similar
to that of a detected fission spectrum, indicating the limited discrimination power of the neutron energy. The similar-
ities between the detected background neutron spectrum and fission sources makes it difficult to discriminate SNM
from background based solely on the energies observed. The images produced using maximum likelihood expectation
maximization revealed that neutrons preferentially are coming from areas in the environment that have open sky, in-
dicating that the surrounding buildings act as absorbers of neutrons rather than sources as expected by the ship effect.
The inherent properties of a neutron scatter camera limit the achievable image quality and the effective deployment to
systematically map neutron background signatures due to the low count rate.
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1. Introduction

For the effective detection of Special Nuclear Material (SNM), the emission of gamma rays and neutrons are of
particular relevance due their larger range and detectability. Neutrons released require tens of centimeters to ~ a meter
of material to shield, which would make any carrying container used to shield the signatures bulky. Highly enriched
uranium (HEU) is one form of SNM of interest that has a neutron emission rate of less than 4 s~! - kg’1 [1, 2]. Due to
such a low emission rate, the detection of HEU by its neutron signatures is limited by our understanding of the neutron
background in our environment. In contrast, a significant quantity of plutonium is characterized by a higher neutron
emission rate, however some amount of shielding or standoff distances can reduce the associated flux to a level that is
comparable or below background rates.

Neutron background is primarily produced in the upper atmosphere by cosmic rays, made up of mostly protons,
some alpha particles, and a small amount of heavier ions. Once these ions penetrate the earth’s magnetic field they
collide with nuclei in the upper atmosphere, producing neutrons, gamma rays, electrons, muons, and pions [3]. The
cosmic ray-induced neutrons are produced through spallation reactions with oxygen, nitrogen, and argon. Earth’s
magnetic field deflects cosmic rays as a function of the ion’s momentum per unit charge and the strength of the
magnetic field. The cosmic-ray induced neutron flux that can be observed on the earth’s surface depends on the
magnitude and direction of the earth magnetic field and varies with longitude and latitude [4].

Several factors may affect the observed neutron background, such as atmospheric pressure and surrounding build-
ings and structures. At 15km above sea level, the density of cosmic ray-induced cascades reach a maximum and
decreases exponentially due to attenuation as the altitude decreases [5]. This attenuation gives an altitude and pres-
sure dependence on the background neutron flux where higher altitudes and lower pressures will have a larger neutron
flux.

High energy neutrons created by cosmic rays may interact with high atomic number nuclei and create additional
neutrons through spallation reactions [6]. This is termed the “ship effect” due to the increase of neutron counts
observed on board a cargo ship where there are abundant heavy nuclei for neutrons to interact with. Kouzes et
al. noted a 25% increase in the detected neutron count rate when the detector used was located near thousands of
kilograms of lead or iron [6].

It is of interest to know whether buildings in an urban environment act primarily as sources of neutron spallation
due to their steel support structures or as absorbers of neutron background due to their concrete components and
thickness. Past measurements with the Radiological Multi-sensor Analysis Platform (RadMAP) showed a correlation
between detected neutron background count rate and the sky-view factor in the location of RadMAP [7]. These mea-
surements also showed that the detected neutron background rate was ~2.2 CPS, comparable to the neutron emission
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rate of HEU. However these measurements looked only at detected count rates and did not analyze the detected neu-
tron spectrum or spatial origin of observed neutrons. Knowing this information will assist with placement of detection
systems and can improve algorithmic treatments of background during SNM searches, increasing the likelihood of
detecting SNM.

Mapping the spatial origin of the neutron background will be important in such a situation where the background
rate is comparable to the neutron rate from SNM. This paper will discuss the neutron imaging system used in the
measurement of the neutron background, outline how the data was processed and introduce the spectral and imaging
methodologies used. It will then discuss the results of this deployment, including the pressure effect on the detected
neutron rate, the detected spectrum from the background neutron, and the spatial origin of the neutron background
and its dependence on the deployment location. Finally, this work will conclude with an analysis on the ship effect in

an urban setting and improvements that can be made for future measurements.

2. San Francisco Data Collection

Portability and functionality were two primary considerations when choosing a detection system for this deploy-
ment. Neutron scatter cameras, such as the 32 cell neutron scatter camera [17], provide the ability to measure the
energy and spatial information for a range of fast neutrons, but are often large and not easily transportable. On the
other hand, neutron detectors such as Bonner spheres require several different detectors to collect a range of neutron
energies and do not provide immediate spatial information on the observed data. Therefore a compact neutron scatter
camera weighing only 40 kg and less than 1 m tall was chosen to take advantage of its portability and simultaneous

spectral and imaging features while losing half of the sensitivity of the larger neutron scatter camera designs [18].

2.1. The MINER System

The Mobile Imager of Neutrons for Emergency Responders (MINER) system consists of sixteen cylindrical cells
with a diameter of 7.6 cm and height of 7.6 cm, filled with EJ-309 liquid scintillator [8]. Fig. 1a shows the 16 cells in
a height-offset orientation that was optimized for compactness, uniform sensitivity along its horizontal axis, and near
uniform sensitivity along its vertical axis. The cells, seen in Fig. 1b, use a double O-ring plug designed to move out
with increased pressure, and back in with pressure decreases, without leaving a large air bubble. Data is read out by a
Struck 3316 digitizer operating at 250 MHz. The digitizer allows for a timing resolution of ~1 ns by interpolating the
timing information between the moving average window (MAW) trapezoids calculated along different points of the
detected waveforms, increasing the timing resolution below the sampling period of 4 ns [9]. MINER is being operated
as a neutron scatter camera and allows the simultaneous reconstruction of the energies and incident directions of

neutrons.
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Figure 1: 3D model of MINER detectors and PMTs created in OpenSCAD (left) and photograph of MINER interior showing height-offset config-
uration of individual cells (right). Left image is with MINER closed and right is with MINER open.

MINER has been characterized for both fission and (@,n) neutron sources as well as for a variety of gamma-ray
sources [8]. Due to the expected difference in the number of detected gamma-ray events to the number of detected
neutron events, different operating parameters were used in this work meaning that the work in [8] is not directly
relatable. The parameters used in this work allowed for higher neutron energies to be detected while simultaneously
increasing the low energy bound of the neutron energy spectrum by increasing the operating voltages of the detectors

and the detection threshold.

2.2. Experiment and data collection

The location for deployment was intended to be an urban area surrounded by tall buildings on one side and open
sky on the other. A suitable location was found to field MINER atop the service roof of the San Francisco Federal
Building, with an unobstructed view of the gap between the larger Federal Building tower and an adjacent apartment
complex. One of the goals of this deployment was to ascertain whether neutrons streaming through the gap could be
imaged if, indeed, the buildings were acting as absorbers.

Fig. 2 is a photograph of the location where MINER was deployed for a total of eight weeks in the closed con-
figuration shown above in Fig. 1b. Once per week, the data was retrieved and MINER’s cells were checked for the
position of the pressure lock as well as if any cells were leaking liquid scintillator that could compromise the data.
The weather data for each week of deployment was collected from a nearby weather station that was publishing to

WeatherUnderground [10].



Figure 2: Photograph of the MINER system in weather protection housing stationed on the service roof of the Federal Building in San Francisco.
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3. Data Analysis

Data collected from MINER went through multi-tier processing before being analyzed. The energy deposited in
the scintillator by the ejected ionizing particles is calculated as the peak value of the baseline-subtracted waveform.
An energy calibration to convert the digitizer arbitrary units to MeV electron-equivalent (MeVee) had been previously
derived for each separate cell using data from a *’Na test source. For proton recoils, the conversion of deposited
energy to the proton’s kinetic energy uses data from DD and DT neutron generators taken with MINER. The light

yield function used to account for proton quenching in EJ-309 was a polynomial of the following form

L=a-E,+b-E,+c, )

where L is the measured light output in MeVee and E,, is the proton recoil energy in MeV. In the event reconstruction
presented in Sect. 3.2, Eqn. (1) is inverted to obtain E, from the measured L for the observed neutron interactions.
The parameter values used in this work were determined for MINER as part of a different project, but never published,

and have the values:

a =4.87 x 1072 MeVee/MeV?, 2)
b =4.50 x 107> MeVee/MeV , (3)
¢ =3.70 x 107 MeVee. 4)

In organic scintillators, about one third of fast neutrons averaged over a fission spectrum produce carbon recoils during
elastic interactions. These recoils carry a maximum kinetic energy of 4AE, /(1 + A)?, where A is the atomic mass for
carbon and E,, is the neutron kinetic energy before the collision, or 28.4% of the initial neutron energy. Furthermore,
the carbon light output is ~1.14% of the nuclei’s recoil energy [11]. The combination of these two effects makes single
carbon recoil events unlikely to be above the measurement threshold of 0.08 + 0.04 MeV. Nevertheless, carbon recoils
may contribute to an event where the light output is dominated by proton recoils within a detector [11], smearing the
observed energy.

A coarse offset, on the order of milliseconds, was applied to the interaction timestamps to align the first timestamp
in all 16 detectors. This timestamp synchronization issue had not been previously observed in MINER data and its
origin is unclear. The timestamps were further adjusted by finding a fine offset for each cell that symmetrically aligned

about zero the gamma-ray time of flight distributions between each pair of cells. The combination of the coarse and
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fine offset was applied as a single timestamp calibration to all detector events. It is typical for a timing offset to be
applied in double scatter detectors due to channel hardware differences in order to detect coincident neutron double-

scatter events.

3.1. Particle identification using pulse shape discrimination

Pulse shape discrimination (PSD) was used to classify detected events as neutrons or gamma rays with a Bayesian
approach [12]. The PSD parameter was calculated from the raw waveforms after baseline subtraction as the ratio
of the total integral, representing the sum of the prompt and delayed signals, and the prompt-only integral. Since
neutrons produce more delayed fluorescence in the scintillators, their PSD parameter values create a band above the
gamma-ray band when plotted as a function of the deposited energy. Fig. 3 shows an example of the PSD parameter
as a function of the detected energy for all the data that a single cell collected during this deployment.

An AmBe neutron source was used to generate calibration data with comparable numbers of detected neutrons
and gamma rays. Using the iterative Bayesian method outlined in [12], the priors calculated from the AmBe source
were used to classify the neutrons detected in the data from this deployment. These priors are normalized Gaussian

distributions that have the form

2
fir(s) = M] ] , ©)

1
OiE, ‘/ZT [ [ ‘/EO' i, Ey

where i is the particle type, Ey is the energy bin being analyzed, and s is the PSD parameter value. A radial basis func-
tion interpolation [13] was performed on the fits to approximate the mean, u, and standard deviation, o, coefficients
as a function of electron-equivalent energy in MeVee.

For the dataset taken on the SF federal building service roof, the fit coefficients i and o were used to calculate the

neutron and gamma-ray probabilities given a PSD parameter value and energy such that

fn,Ek (S)
fy,Ek(s)Wy/n + fn,Ek(s)

P(n|s) = (6)
through an iterative process. P(n|s) is the probability of a signal being a neutron given a PSD parameter value, s, f(s)
is defined in Eqn. (5) where the n and y index indicates the neutron and gamma-ray distributions, and w,, is the ratio
of the estimated number of counts in the gamma-ray and neutron distributions within an energy group which is used
as a weighting term when calculating the posterior probabilities. The weight w,,;, was assumed to be unity on the first

iteration and was updated each consecutive iteration as a function of energy,
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where P(y|s) is the probability of an event being a gamma-ray, which has a similar form to Eqn. (6). The neutron
probabilities, gamma-ray probabilities, and the weights were updated every iteration with the stopping criteria being
when the change in w,,, between two consecutive iterations was less than 1%.

The resulting PSD bands are also shown in Fig. 3, where it is evident that they are well separated for energy
depositions above ~0.3 MeVee, but significant overlap occurs in the low energy region of the plot. Following Eqn. (6),
an event is classified as a neutron scatter if the probability P(n|s) is 90% or higher. The resultant neutron selection
region is delimited by the red line boundaries presented in Fig. 3. It is worth noting that neutron double-scatter events
have a higher neutron purity than neutron single-scatter events, since both interactions are required to pass the 90%
probability threshold.

The neutron detection threshold can be expressed in terms of the minimum energy for discrimination, which
depends on the relative density of gamma rays and neutrons along the two bands, the accuracy of the fits used, as
well as the accuracy of the energy calibration. Choosing the metric for a minimal discriminatory energy as the point

along the PSD plot where the mean AmBe neutron fit and the 90% threshold of the observed neutron data intersect,
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Figure 4: Histogram of time between hits for neutron double scatter events between two detectors, summed for all detector pair combinations.

the average threshold energy across the 16 detectors was 0.08 MeVee, with an RMS of 0.04 MeVee.

3.2. Double scatter image reconstruction

Neutron double scatter candidates were selected by requiring consecutive neutron hits in two different detectors
to be within 50ns of each other. Given MINER’s largest separation between detector pairs, the minimum scattered
neutron kinetic energy passing the coincidence 50 ns window will be around 0.03 MeV, while readout limitations
and scintillation timing effectively constrained the upper energy that can be resolved to 7.75 MeV. Fig. 4 shows the
histogram of the time between coincident neutron events for all detector pairs, (A, B) € [0,15], A < B, where the
positive bins represent a scatter in the direction from detector A to detector B and the negative bins represent a scatter
from detector B to detector A. The time of flight histogram shows two peaks, centered around a time of flight value of
O ns, that cannot be seen for every individual detector pair combination due to poor statistics. It is worth noting that
due to differences in the distance between detector pairs that even with more double-scatter events, the two peaks may
occur at different TOF values reflecting the most common scattered neutron energy value observed.

The total neutron energy, E,, and the scattering angle, 6, were calculated as follows:
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E, = Ep + Emf s (®)
my (171

Eor =22 () 9

tof Z(Imf) 9)

6 = sin”! (,/E,,/En ) , (10)

where E,, is the proton recoil energy of the first interaction, calculated using Eqn. (1), f,¢ is the time difference between
coincident events, m,, is the mass of a neutron, and | 7| is the distance between the centers of the two detectors that
a neutron interacts in, as seen in Fig. 5. While higher energy neutrons from cosmic-ray cascades are traveling at
large fractions of the speed of light, the relativistic correction for these reconstructed events is still on the order of
~2% [14]. In comparison, the energy resolution for E, is ~30% and the assumption that neutrons interact at the
center of each cell can give as much as a ~60% spread in the E,,; value. The combined uncertainty in £, and E;,y
make it reasonable to ignore the relativistic correction. To account for the energy resolution of MINER’s detectors,
a physicality condition that the energy deposited in the second detector was less than 130% of the second term in

Eqn. (8) increased the probability that events used for imaging were the first two neutron interactions in the system.
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Using a detector with perfect energy resolution would allow this factor to be set to 100% since physics allows the
second neutron interaction to be anywhere between the trigger threshold and E;, .

A cone of probability for the source location of a neutron coincidence event was created by defining the opening
angle of the cone as the scattering angle of the neutron, 6, and the cone axis to be the unit directional vector, &,
pointing from the second detector hit to the first detector hit. Each cone was weighted by w, defined as the inverse
distance between scattering detectors squared, to offset the varying contribution of interaction location uncertainty
within the cells between near and distant pairs of detectors, and o~ was the spread in the cone width that took into
account the uncertainty in the cone angle due to energy and timing resolution effects and the angular uncertainty due
to the finite sizes of the detector cells [15]. The cone backprojection, b(£ ), was calculated as the intersection of all

cones of probability with all directions along the unit sphere, &, such that

< &-Q;—cos(6)

1 2
bE) = —exp(—(—) ) an
; wio; V21 V2o,
The unit sphere is expressed in spherical coordinates where the elevation angle is defined as —90° < ¢ < 90° and the

azimuthal angle is defined as —180° < < 180° and n is the number of reconstructed events.

In order to improve the image quality and allow the incorporation of multiple interactions in one detector, variable
angular efficiency, carbon recoils, or other uncertainties a better representation of the source location of detected
neutrons may be obtained from iterative methods that make use of a more complete system response. Maximum
Likelihood Expectation Maximization (MLEM) [16] is one such method where the data is projected through the

system response matrix. The MLEM procedure follows the following update rule:

D *
A0 n:Cai
D Ak >
i Ctl,i i Za' /l;/)ca’,i

/lflkﬂ) _ (12)

where 7 is the measured data distributed over i = 1, 2, ..., D discrete observations, Cy; is the response matrix, and /lflk)
is the k-th iteration estimation of the a source bin. Here, the observation bin is defined by the detector ID of the first
hit (0 — 15), the detector ID of the second hit (0 — 15), and the calculated scattering angle 6, binned into 5° bins.

This work used a system response matrix, which was previously built using a Monte Carlo integration approach.
In this approach, implemented in a custom C++ code, for a given source bin and observation bin, a series of potential
neutron trajectories is generated by randomly sampling interaction positions within the two cells defined by the obser-
vation bin. Multiple interactions within a cell are included in this sampling, as are elastic scatters from both hydrogen
and carbon. For each such trajectory, both the physical probability of the trajectory occurring and the probability of

calculating the 6 defined by the observation bin are determined, taking into account detector energy resolutions and
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thresholds. With care for appropriate normalizations among classes of trajectories, the average probability over all the
generated trajectories yields the C,; for that source/observation bin pair.

The Monte Carlo integration method was used to increase the number of detector pair, scattering angle combina-
tions that were not being adequately sampled with pure Monte Carlo. However this method also suffers from poor
statistics in a different way: even though many trajectories contribute to each probability, still one high-probability
trajectory can contribute most of the statistical variance to the summed probability. Overexpressed probabilities in
the observation space were smoothed out by replacing them with the average of the probabilities in the two adjacent
observation bins. Such observation bins were determined by finding source bins of the sensitivity matrix that were
outside of the iteratively updated 1o standard deviation for all bins along the azimuth angles corresponding to a single
elevation bin. A more stringent metric for the smoothing of overexpressed probabilities would result in an apparently
smoother sensitivity, but may result in the loss of real variance from observation bin to observation bin. Therefore
the 10 standard deviation metric was used reflecting an acceptable compromise between reducing the overexpressed

probabilities without oversmoothing the sensitivity.

4. Results & Discussion

After processing, the data was analyzed to determine trends in the detection rates with atmospheric conditions in
the single-scatter event rates for neutrons and gamma rays and the double-scatter event rates; the goal of this was to
verify the inverse correlation of detected neutron rates with increasing pressure found in [7]. The neutron double-
scatter events were then used to create a neutron background energy spectrum. This spectrum will be compared
against known detected fission and (a, n) spectra in order to investigate if spectral data is sufficient at finding a fission
SNM source amidst background. Finally, the MLEM location estimation of the neutron double-scatter events will
be introduced to discuss the angular dependence of urban buildings on the neutron background. This will be used to

determine if the ship-effect was a dominant effect in urban buildings.

4.1. Influence of atmospheric conditions on neutron background detection.

Figure 6 shows the average of the neutron rates from all detectors computed for every 1-hour interval, as a func-
tion of the atmospheric pressure. The displayed error bars are the root mean square (RMS) of 1-hour neutron rate
distribution for each 0.38-mBar pressure bin. A decrease in neutron rate for an increase of the atmospheric pressure
was observed as expected and in agreement with previous measurements performed by Davis et al. [7].

An unexpected correlation of the neutron and gamma-ray rates with the daily ambient temperature variations

was present in the data, as can be observed in Fig. 7. All 16 detectors were investigated individually and the same
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Figure 6: Average neutron detection rate as a function of pressure shows a steady decrease in the rate with increasing pressure. The error bars
represent the RMS of the distribution of hourly detected neutron rates within that bin.

temperature-correlated oscillatory behavior seen in Fig. 7 was present in every detector, but was more prominent in
some detectors than in others. To investigate this, the 2-hour spectra of one selected detector spanning one 24-hour
period of temperature oscillation were compared. Fig. 8, which only presents the 2-hour spectra at the maximum and
at the minimum of the temperature variations, reveals the “°K Compton edge at 1.243 MeV shifted to higher values
along the energy axis for the temperature maximum, and in the opposite energy axis direction for the temperature
minimum. The “°K Compton edges of the 2-hour spectra between temperature extremes were bounded by the two
curves of Fig. 8. This shift in gain, attributed to temperature effects in the hardware, can push low energy events
that were previously indistinguishable into an energy region bounded by the AmBe fits such that the classification
algorithm separates these events by particle type, effectively increasing the neutron and gamma-ray rates.

The plot of the neutron double-scatter event rates over time, also presented in Fig. 7 for one week of deployment
data, do not show immediate evidence of temperature dependance. However, the statistical error for such low rates is
of the order of 15% for each individual time bin, which is about the size of the neutron single event rate oscillation.
To better elucidate any potential effect, Fig. 9 shows the hourly neutron double scatter events for all the deployment
data summed onto a 24 hour period that always starts at the same time of each data acquisition day. Since this
summation does not yield the oscillatory behavior observed in the single event data, it can therefore be concluded that
this temperature effect on the equipment created an artificial increase in the number of particles being identified as a

neutron or gamma-ray that did not contaminate the number of neutron double-scatter events observed. Additionally,
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because the detected neutron double-scatter event rates do not show a temperature dependence, the oscillatory behavior
of the neutron single-scatter event rates may be dominated by gamma rays being incorrectly classified as neutrons

when the gain increases.

4.2. Neutron background spectrum

At the end of the deployment, approximately 31,000 neutron double-scatter events had been detected in about 50
days. The resultant neutron background energy spectrum, reconstructed using Eqn. (1) for the energy deposited in the
first interaction and Eqn. (8) for the full neutron energy calculation, is displayed in Fig. 10.

The shape of the detected spectrum is due to a combination of the incoming background spectrum and the sensitiv-
ity and resolution of the MINER system. MINER is mostly sensitive to neutrons in the energy range up to ~10 MeV.
It can potentially distinguish between a fission source and an (@, n) source such as AmBe, but is less able to distinguish
between two fission sources [8] due to the poor energy resolution of its liquid scintillation cells. Other systems, such
as the 32 cell neutron scatter camera in [17], can be specifically optimized to distinguish between different neutron
spectra and may provide a better distinction between a fission spectrum and the neutron background spectrum by
sacrificing sensitivity.

A background neutron spectrum recorded with MINER was reported in [18] and compared with the relative shape

of several fission and (a, n) sources. As can be seen in [18], the background spectrum shape rises sharply at energies
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Figure 10: Detected neutron spectrum for the entire deployment created from double-scatter events between cells.

close to threshold at ~1 MeV, as is the case for the 232Cf fission spectrum but not for the AmBe spectrum. However,
the combination of hardware threshold settings and a more stringent PSD neutron selection algorithm results in a
higher effective neutron energy threshold at ~2.5 MeV for the San Francisco background spectrum in Fig. 10. Thus,
based on this data, it is uncertain whether or not the rising edge of the neutron background spectral shape resembles
the rise of a detected fission spectrum. On the other hand, as in [18], the San Francisco background spectrum shows
a broad shoulder around 3—7 MeV not present in that reference’s fission spectra.

Nevertheless, in a situation where a SNM fission source is releasing neutrons at a rate comparable with background
level, the similarities between the neutron background and the other common neutron source spectra may make it
difficult to identify the presence of the SNM based only on neutron spectral information. In this case, the source

location plays a crucial role in discerning an SNM source amidst background.

4.3. Neutron image reconstruction

In order to account for the non-uniform solid angle area of the image space bins, we use an initial intensity estimate

/lf,o) equal to the bin area

033 0>
A, = f f cosd do do, (13)
1 0
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Figure 11: The first MLEM iteration of the data during the deployment provides a backprojection-like estimation that presents the majority of
neutrons coming from higher elevation angles.

perform the backprojection to determine A" and then divide by A, to get intensity per steradian. The result, presented
in Fig. 11 shows an increase in neutron intensity in the upper hemisphere, corresponding to where neutrons are
produced in the atmosphere by cosmic rays, but also a modulated shape along the azimuthal direction. A similar
azimuthally modulated pattern is obtained with simple cone backprojection image reconstruction (11), as shown in
Fig. 12. The cone backprojection is presented with HEALPix [19] binning using a total of 3,072 bins that have equal
area on the unit sphere in contrast to the source space binning of the MINER response matrix which has equal area in
the 2D imaging space.

The neutron double-scatter events were then iterated through Eqn. (12) twelve times as represented in Fig. 13. The

stopping condition for MLEM was

A

2

& = min {Z (/lf‘k”) - /lg‘)) } (14)
a

This metric estimates the changes of each iteration and reached a local minimum on the twelfth iteration. The es-

timation of the neutron background source begins to converge towards higher elevation angles and the center of the

azimuthally modulated shape. The twelfth iteration estimation was then overlayed with a 47 photograph of the deploy-

ment location taken from MINER’s top side. As can be seen in Fig. 14, the MLEM image preserves the modulated

intensity pattern in the azimuthal direction, with higher intensity patches coinciding with the open sky areas.
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