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Abstract

The authors have investigated the use of fast neutrons—primarily the fast neutron
energy spectrum—as a signature for uranium hexafluoride (UFs) nuclear accountancy
measurements. Detailed modeling of UFg storage cylinders and a proposed neutron
detection system indicates that the measured neutron energy spectrum is indeed a
function of uranium enrichment. Field measurements at the Department of Energy’s
Paducah Gaseous Diffusion Plant with a detection system similar to the modeled
system provided an opportunity to collect signatures from several storage cylinders
containing UFg with a range of enrichments. Subsequent analysis lends credibility to
the modeling results, indicating that enrichment over the range measured (0.72% to
4.95% uranium-235) can be extracted from the measured neutron energy spectrum.
These results were scaled to estimate the tradeoff in measurement system size and
counting time to achieve a relative enrichment measurement uncertainty of 5%.
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1. INTRODUCTION

Safeguards activities at uranium enrichment facilities require accurate, independent
measurements of uranium mass for each uranium hexafluoride (UFg) cylinder with contents that
are either a process input or output. Current technology tends to rely upon gamma measurements
or both passive and active thermal neutron counting using *He detectors [1].

The most common and classic gamma-ray technique used for assaying UFg cylinders is based
upon the detection of the characteristic 186 keV gamma-ray from U and is known as the
enrichment meter [2]. Although this technique is a direct enrichment measurement approach, it is
highly constrained by a priori assumption of uniform UFg mass distribution within the storage
cylinder; since the measurement is only sensitive to the UFg mass within a few millimeters of the
wall of the storage cylinder (see Figure 1.1), geometrical perturbations can impact a
measurement. Corrections must also be applied to account for the absorption of the 186 keV
gamma rays within the container wall and any mass between the detector and the UFg such as
surface deposits, referred to as heel, from previous use of the storage container. Measurement
uncertainty associated with the absorber mass between the detection medium and the UFg can
reach 6% [1]. High energy gamma-ray techniques may provide the advantage of assaying the
entire UFg volume due to reduced self-absorption. However, it has been observed that biasing
from impurities found in the heel may impact the quality of data using these techniques [3-4].

Passive neutron assay techniques can be based on simple counting of the thermalized neutron
flux originating from the UF cylinders [5], or may also consider the time dispersion of neutron
counts for a multiplicity analysis [6]. Very few neutrons are generated directly from U in UFg;
instead, most neutrons are generated from **U spontaneous fission or 2*U and #*®U alpha-decay
processes. Thermal neutron methods are also sensitive to geometrical perturbations of the UFg
within the cylinder, giving rise to potentially significant systematic measurement uncertainties
[3]. Given the short path length of low-energy gammas and neutrons through UFg, these methods
may also be insensitive to material in the center of the cylinder (see Figure 1.1). In the context of
international safeguards, for which coordinated state-level diversion is a theoretical possibility, it
is undesirable to rely upon either gamma-ray or thermal neutron measurement techniques that are
effectively measurements of the outer material skin, blind to the central contents.

Active neutron assay techniques are based on thermal neutron probing of the UFs mass and the
detection of induced fission neutrons from U [7]. Unlike the passive approach, the active
neutron approach is a direct measurement of ?**U content. However, application of the active
technique in unattended measurements is difficult and requires special detection geometry [1].
Current active approaches are designed with the neutron detector in contact with the UFs
cylinder to allow better detection efficiency. These approaches, however, may not be supported
in unattended measurements where a minimum stand-off distance is required for safe movement
of the UFg cylinders.
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Figure 1.1. A Monte Carlo calculation of the particles transmitted through a given
thickness of UF6 up to a maximum thickness expected for a uniform material loading in a
30B cylinder. All calculations consider a beam of incident particles normal to a slab of
UF6. Neutron measurements do not consider the effects of induced fission. High-energy
neutrons have far superior sensitivity to material in the center of a cylinder.

This document reports on a Sandia investigation of the use of fast neutron spectrometers to
augment the measurement capabilities surrounding UFg cylinder verification. Neutron
spectrometry allows for direct calculation of total mass and enrichment because the processes
that generate neutrons in the UFg have unique energy distributions and are functions of the
uranium isotopics [1]. Two of these processes are spontaneous fission in U (neutrons
extending to about 10 MeV) and neutrons produced by bombardment of %**U and #*®U decay as
upon fluorine, which terminate at about 2.5 MeV. These neutrons are generated by the inherent
radioactive decay of the material, and occur independently of material geometry. Figure 1.2
shows the contributions of spontaneous fission and (a,n) neutrons to the UFg neutron spectrum.
The third process is induced fission in 2*U, which has a slightly different energy distribution
than spontaneous fission and is a function of not only material enrichment and mass, but also
geometry. The technique relies upon an underlying assumption of constant **U/ **U ratio so
that the measured neutron flux is linear with ?**U enrichment.

Although the processes that generate neutrons in UFg samples are readily acknowledged [8],
neutron spectrometry has not been directly applied as a tool to independently measure %*®U and
2% content of 30B cylinders. This technique has two strong advantages: first, it relies upon the
measurement of highly-penetrating particles, making it possible to sample the entire UFg
volume; second, using neutron spectrometry to determine the spontaneous fission and (a,n)
components can provide an independent measurement enrichment and total mass.
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This report reviews the body of work performed to study the application of neutron spectrometry
to UFg cylinder enrichment measurements. First is a presentation of the neutron production and
transport simulations to understand how transport processes (scattering, induced fission, and self-
absorption) in the UFs modify the energy spectrum. This is followed by a study of detector
response and analysis of the simulations. Experimental confirmation of these computational
results via measurements of UFg cylinders at an enrichment facility were performed, and are
discussed. Finally, a review of some passive imaging work and a summary of the project are
presented.
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Figure 1.2. A plot of the neutron spectral components for 5% enriched UFs. The #*U (a,n)
reaction on fluorine generates a peaked neutron spectrum that terminates abruptly near
2.5 MeV. The #*®U spontaneous fission spectrum peaks near this upper boundary, and
extends out to about 10 MeV. Placing an energy cut at 2.5 MeV will allow separation of
the two contributions to the neutron source term.
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2. SIMULATION OF THE NEUTRON ENERGY SPECTRUM

2.1 Uranium hexafluoride emissions

The principal goal of this project is to take advantage of changes in the neutron energy spectrum
arising from the degree of uranium enrichment. Therefore, before even considering the detector
response function, it is useful to study the pure neutron spectrum emitted from the cylinder, and
how the original spectrum is altered by scattering, attenuation, and induced fission in the
cylinder. It is possible that the differences in the spectrum can be washed out by these processes,
making the neutron spectrometry technique unusable in practice—although from initial
calculations it does appear that the spectral differences remain sufficient for neutron
spectrometry to continue to be pursued as a viable enrichment measurement technique.

The neutron emission spectra calculated for this study use the isotopics presented in Berndt [1]
for depleted uranium hexafluoride (DU), natural uranium ("™U), and uranium enriched to 5%
2% (LEU). Any additional simulated ?*°U enrichments use a %**U isotopic fraction that is
linearly interpolated from the Berndt data table. The success of this measurement technique is
highly dependent upon a predictable 2*U/**U isotopic ratio, as the technique is an indirect
measurement of **U enrichment due to the significant fraction of neutrons that come from
isotopes other than ***U. Fortunately, in mass-based enrichment processes (such as gaseous
diffusion and centrifuge enrichment), the 2**U is enriched at the same time as the 2°U; Los
Alamos National Laboratory (LANL) experiments indicate that the ratio of these two isotopes
remains fixed through low enrichments (up to 5% 2*°U) [9], which is the primary enrichment
range of interest for commercial reactor fuel.

The modeled material density is 4.6 g/cm® [10], which was obtained from an Argonne National
Laboratory webpage but is less than the often-assumed 5.1 g/cm®. Since the mass of material is
fixed for all calculations (and not the volume), the impact on the source neutron rate and
spectrum is expected to be negligible.

SOURCES 4C [11] is a LANL-developed code for calculating neutron energy spectra and source
intensities. It uses data libraries and a-particle transport calculations to determine the
spontaneous fission and (a,n) source term contributions. It is used to calculate the spontaneous
fission and (a,n) spectral contributions. The SOURCES 4C calculated spectral contributions are
presented in Figure 2.1.

13
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Figure 2.1. The (a,n) and spontaneous fission (SF) contributions to the neutron energy
spectrum for three enrichment levels of UFg, plotted separately. The spontaneous fission
spectral contributions are nearly identical for each enrichment, since the total U mass
is approximately constant. However, the (a,n) contribution varies by over an order of
magnitude, changing the total energy spectrum in a quantifiable manner.

2.2 Type 30B storage cylinder emissions

Type 30B storage cylinders are common at enrichment facilities. They can be loaded with up to
5020 Ib (2282 kg) of UFs enriched at or below 5% “**U [12], so they are useful for storing
enriched product to be used at commercial reactors. A second common storage cylinder is the
48Y cylinder, which is primarily used for storing depleted uranium product. 48Y cylinders can
be loaded with 27,560 Ib (12,527 kg) of UFs.

To calculate the degradation of the energy spectra via scattering, capture, and induced fission in
the UFs, the SOURCES 4C spectra are inserted into an MCNP5 [13] model of a 30B cylinder
[12]. This model considers a maximum loading of UFs at a density of 4.6 g/cm® with a uniform
distribution of material in a thick shell. The gas space in the cylinder is modeled at a vacuum,
and no environmental features (such as soil) are included in this basic model. Since the modeled
measurement instrument (the Neutron Scatter Camera) has 12.7-cm right cylinders as detection
volumes at a standoff of 1 m, a tally of the neutron spectrum crossing a 12.7 cm disk at a
standoff of 1 m was calculated. The detector system and the detector response calculations will
be discussed in a later section of this report.

Source neutrons are distributed uniformly through the portion of the cylinder that is occupied by

solid UFg, with isotropic direction sampling and energy sampled from the SOURCES 4C
spectrum corresponding to the modeled #*U enrichment. A simplification is made with the
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assumption that all neutrons can be sampled independently of one another. This is correct for
(a,n) neutrons, as there is only one neutron per a-decay and those are distributed uniformly
throughout the UFg. However, this is not exactly correct for spontaneous fission neutrons; fission
generates neutrons in multiples, and a correct treatment would sample a random starting point for
a fission, then independently sample the number of fission neutrons to create at this fission
location and each neutron’s energy from appropriate distributions. Since the detection scheme
measures single particle energies (i.e., does not rely upon detecting coincident particles) and the
solid angle coverage is small at the 1 m standoff (neutrons would not likely interact in
coincidence in the detector, creating pileup), the simplified treatment is not expected to introduce
a significant perturbation in the simulated neutron energy spectrum.

The first simulation considered vacuum in the volumes occupied by UFg and steel; this case
calculates the unperturbed neutron contributions at the tally location, since there are no materials
for neutron interactions. In sequence, the next simulation considered turning the 30B cylinder
volume back to steel, then the source volume into UFg (but without induced fission). These two
simulations demonstrate the effect of neutron scattering in real materials. Finally, prompt fission
and then delayed fission contributions were added. Figure 2.2 displays the results of this study.
The biggest effect seems to be scattering of high-energy neutrons by UFs, followed by down-
scattering on steel and induced fission. Note that this particular simulation set considered natural
uranium (0.72% *U); at this “**U content, induced fission contributions are expected to be quite
small.

10 T T

—All vacuum

— Steel

_UFE {no ind. fiss.)
— Prompt neutrons
— Delayed neutrons

10 7

Frequency (neutrons per 20 keV bin)

10°* : :

0 5 10 15
Neutron energy (MeV)

Figure 2.2. The effects of scattering, capture, and induced fission on the neutron energy
spectrum emitted from the cylinder for a "*UF source.
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Simulations of each of the three enrichments considered were run in the MCNP5 model using a
number of starting neutrons corresponding to a very long measurement (10 h) for good statistics.
(Note that the number of starting neutrons was different for each simulation, as the (a,n)
intensity increases with enrichment due to the larger concentration of ?**U.) The tallied neutron
flux through a 12.7 cm-diameter detector face at a standoff of 1 m is plotted in Figure 2.3. The
differences in the neutron spectra, especially in the region under about 2.5 MeV, are evident in
this plot. This indicates that the neutron spectrum emitted from the surface of the 30B cylinder is
a function of uranium enrichment, although it does not yet account for the detector response
function.

_nalu
sh —LEUS%

Neutrons per 0.020-MeV bin

L L L 1
0 1 2 3 4 5 B T 8 L] 10
Neutron energy (MeV) at detector face

Figure 2.3. The calculated neutron flux entering a single 12.7 cm-diameter detector
element at a standoff of 1 m.

2.3 Detector response modeling

The detector response modeling considers the use of the Neutron Scatter Camera (NSC) [14],
developed at Sandia. The Neutron Scatter Camera utilizes two planes of Eljen EJ-309 organic
liquid scintillator cells to detect neutrons, discriminate them from photons, and tag each
interaction with its location (center of detecting cell), interaction time, and measured pulse
height. All of this information can then be used to generate pulse height distributions for
individual cells in the array and for double-scatter events between two distinct cells.

The NSC is an attractive neutron spectrometer for this application. Its large volume of dense

liquid scintillator means high neutron detection efficiency. The ability to discriminate neutrons
from photons using pulse shape discrimination (PSD) is important because of the large photon
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flux emitted from a 30B cylinder. The NSC has two inherent modes of neutron spectroscopy,
single-scatter (more efficient) and double-scatter (less degradation from the incident neutron
energy distribution), and can perform neutron imaging using the double-scatter subset of
interactions. Finally, the NSC is advantageous because Sandia has two functioning NSCs with
sophisticated modeling capability supporting each system. The modeling is described in some
detail in a peer-reviewed publication [15], and will not be repeated here.

Two simulations were run, natural enrichment and 5% 2y enrichment; the 32-cell NSC was
centered along the cylinder side for each enrichment case, with a standoff of 1 m from the
cylinder surface. The measured double-scatter spectrum was tallied, and is shown for each
enrichment in Figure 2.4. This plot demonstrates a difference in the observed neutron energy
measurement, as the large increase in (o,n) neutron production with increasing enrichment leads
to an increase in the observed measurement around 2 MeV. It should be noted that the double-
scatter mode is highly inefficient, as it requires a neutron to interact in two different cells and
deposit enough energy in each cell (above ~0.5 MeV) for the PSD classifier to be able to
determine each interaction to be from a neutron. As a rule of thumb for the NSC, the single-
scatter mode produces neutron events increased by a factor of O(100).
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2.4 Comparisons against other neutron detectors

With simulated detector response in hand, it is now possible to perform a quick comparison of
NSC performance against a mature 30B nondestructive assay (NDA) system. The system chosen
is UCAS, the Uranium Cylinder Assay System designed by LANL [5]. UCAS is a *He-based
neutron counting system, and therefore presents an interesting technology alternative for passive
neutron counting of 30B cylinders.

Figure 2.5 presents the reported UCAS count rate as a function of *°U enrichment, and the sum
over all 32 NSC cells for single-cell events, applying a 700 keV threshold for neutron
classification. A simple assumption is that the detectors should produce similar count rates to
achieve similar measurement uncertainty in a fixed measurement time, although due to the
differences in analysis techniques this may not be strictly true. It appears that the UCAS system
has a much higher count rate. There are three factors that can be considered for detection rate
improvement. The first is simply a modeling assumption—the LANL reported source neutron
rate is universally higher than the rate used for the NSC simulations, and for 5% enrichment is
almost 50% higher. The second is the neutron counting threshold for the NSC. Figure 2.6
presents the cumulative distribution of neutron counts as a function of threshold. Reducing the
threshold from 700 keV to 200 keV would increase the NSC counts by nearly an order of
magnitude. Finally, the UCAS standoff distance is not noted in the reference paper, but it is
likely much shorter than 1 m. Placing the NSC closer to the 30B cylinder would increase the
interaction rates.
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Figure 2.5. Count rate as a function of enrichment for UCAS (small black markers with
error bars) and the NSC (thick colored symbols denoting different geometries of the
solidified UF¢). The NSC energy threshold is set at 700 keV.
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2.5 Discussion

The simulations reported in this section build from simple modeling of the UF4 source neutrons
to 30B simulations with full transport phenomena to detector response modeling. These
simulations indicate that the UF¢ neutron energy spectrum is indeed a function of uranium
enrichment, and simulations including full NSC response produce visibly different spectral
distributions.

Figure 2.5 indicates that the geometry of the UF4 can have an impact on the measured count
rates. Although the figure does not indicate whether the neutron energy distributions are a
function of geometry, this is still an undesirable result. The analysis technique explored in the
next section is intended to filter out geometry effects.

The NSC count rate is lower than that of a fielded thermal neutron counting system, the UCAS.
Increasing the count rate may be accomplished by using a lower energy threshold if possible,
although there is a limit dictated by the desired PSD performance of the detector. The count rate
may also be increased by moving the detector closer to the 30B cylinder, or by increasing the
size of the detection array (a larger NSC).

The NSC is not the only neutron spectrometer that could be considered for this application, but

its combination of detection efficiency, gamma-ray rejection, and spectroscopy performance
make it an attractive option.

19



20



3. ANALYSIS OF THE NEUTRON ENERGY SPECTRUM

3.1 Motivation

The UFg neutron spectrum is comprised of three major components from distinct processes that
generate the neutron population in UFg: spontaneous fission (SF) neutrons from “®U; neutrons
produced by *°F(a,n)?Na nuclear reactions of alpha particles, from the decay of **U and #*®U,
with fluorine atoms; and induced fission neutrons resulting from fission reactions. The relative
contribution of these processes causes features in the observed neutron spectrum that are
functions of the ***U enrichment in the UFs. However, these spectral features may not be visibly
identifiable since they are smeared in the measured neutron pulse-height spectrum. This is
mainly true when using organic scintillators, such as liquid scintillators, for neutron
spectrometry. Although liquid scintillators are the favored for their superior neutron-gamma
pulse shape discrimination (PSD), it would be difficult to readily discriminate the enrichment-
related features in the observed neutron spectrum due to their poor energy resolution. A sensitive
method is necessary to identify intrinsic features attributed to the detected neutron spectrum and
therefore enable discrimination and verification of the UFs enrichment. The conceptual
framework in the present study is that for a given declared UFg enrichment, the measured
neutron spectrum has characteristic features related to the enrichment. Departure from these
expected features indicates anomaly and with a proper metric defined, the corresponding
enrichment can possibly be identified.

This section presents an investigation made using simulated neutron spectra and Principal
Component Analysis (PCA) to discriminate spectral attributes that can be used for unattended
and passive characterization of UFg enrichment in 30B storage cylinders. The MCNP5 [13] and
Geant4.9.4 [16] Monte Carlo transport codes were used to model the neutron transport through
the 30B cylinder and then through liquid scintillator cells used for the neutron spectrum
detection. Liquid scintillator cells were chosen as the passive neutron spectrometry detectors due
to their high neutron detection efficiency and effective neutron-gamma PSD that is crucial in
neutron spectrum feature identification using the PCA technique. The PCA technique has proven
to be a useful approach in a broad area of applications, including data characterization, feature
analysis, anomaly detection, image classification, and gamma-ray spectral analysis [17-20].

3.2 MCNP5-Geant4 Simulations

3.2.1 MCNP5 Simulation

The main interest in the present study is to take advantage of changes in the neutron energy
spectrum due to differences in the level of uranium enrichment and to determine the UFg
enrichment with an appropriate metric. It is also of interest to know if the characteristic features
of the observed spectrum are dependent on UF filling profile (the solidified UFs geometry); as
mentioned in previous sections, other measurement techniques are sensitive to the filling profile.
To this end MCNP5 was used to simulate the neutron transport through the UFg mass in a 30B
cylinder. UFg filling profiles considered in [1] and shown in Figure 3.1 that may represent
significant variability in the UFs mass distribution were used in the simulations. The simulated
profiles range from a uniform shell geometry with 100% of the UFg mass distribution having a
constant thickness along the 30B cylinder wall to a pooled geometry where 0% of the UFg mass
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distribution has a constant thickness along the 30B cylinder wall. Intermediate profiles where
75%, 50%, and 25% of the UF¢ mass distribution with a constant thickness along the 30B
cylinder wall were also considered. In all profiles considered, the total mass of the UF¢ was kept
constant at the maximum shipping mass of a 30B cylinder, 2277 kg [12] and a 4.6 g/cm’® UFj
density was assumed.

000w

Figure 3.1. UF6 filling profiles used for 30B cylinder simulation [1]. Profiles considered
range from shell geometry with 100% of the UF; mass having a constant thickness along
the 30B container wall (left most profile) to pool geometry where 0% of the UFs mass has
a constant thickness along the 30B wall (right-most profile). Intermediate profiles where
75%, 50%, and 25% of the UFs mass with constant thickness from the 30B wall were also
considered. In all profiles considered the total mass of the UF; was kept constant.
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Figure 3.2. SOURCES 4C [11] calculated spontaneous fission (SF) and (a,n) neutron
spectral distributions as a function of enrichment. The inset shows the variation in the
(a,n) component for the different enrichments.

25U enrichments of 0.3% (depleted uranium, DU), 0.718% (natural uranium), 1%, 2%, 3%, 4%,
and 5% were considered in the simulations. The neutron source spectra for the different
enrichments were based on the uranium isotopic fraction from [1]. Assuming linearity in the Z*U
and the 2°U fractions, corresponding 24 fractions for 1, 2, 3, and 4% 23U enrichments were
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determined. Table 3.1 shows the data for ~"U fraction as a function of “U enrichment. The
isotopic fractions were then used in the SOURCES 4C [11] code to calculate the SF and the
(o,n) neutron spectral distributions, shown in Figure 3.2, that were transported through the UFs
mass and out of the 30B cylinder to a surface for subsequent Geant4 simulation. Figure 3.2
shows that as the enrichment increases, the fraction of events in the spectra above 2.5 MeV from
SF decreases due to a strong increase in the **U(a, n)"°F population. The (o,n) neutron
distribution that is below 2.5 MeV and sitting on top of the 2**U SF continuous distribution also
reveals a shift to higher energy for increased enrichment as shown in the inset. The shift is due to
the increase in significance and energy of the o particles (4.859 MeV) from **U. At 0.3%
enrichment, the o's from **U (4.27 MeV) are more significant and have a rate twice that of >**U.
At 5% enrichment, the o’s from **U have a rate nearly eight times that of ***U. In addition to the
higher rate, the increment in the o energy (~0.589 MeV) will increase the neutron energy and
therefore an observed shift in the spectrum. The total source neutron rate varied from 0.1085
neutrons/sec-cm’ at 0.3% enrichment (DU) to 0.7219 neutrons/sec-cm’ at 5% enrichment. The
number of simulated source neutrons was constant for all enrichments and was calculated using
the DU mass emission rate and a ten hour-equivalent measurement time. Higher enrichments
were simulated for duration less than that of the DU due to their increased emission rate. For the
5% enrichment the neutrons simulated were equivalent to 1.5 hours measurement time.

Table 3.1. Isotopic fraction used in the SOURCES 4C code. A linear relationship was
assumed to calculate the corresponding ?**U fraction for a given enrichment. Data was
taken from Berndt et al. [1]

U-235 U-234 U-238
0.3 0.00232 99.69768
0.7 0.00544 99.29456

1 0.00778 98.99222
2 0.01558 97.98442
3 0.02338 96.97662
4 0.03118 95.96882
5 0.03898 94.96102

Figure 3.3. Source — detector setup geometry used in MCNP5 simulation. The four planes
surrounding the 30B cylinder are located at the front face of liquid scintillator cell arrays
considered in the simulations. MCNP5 PTRAC output was used to record position,
momentum, and energy of outgoing neutrons at the four locations. These neutron
histories were then resurrected in Geant4 simulations of the detector response.
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Figure 3.5. The energy spectra of neutrons exiting the 30B cylinder and incident at
different tally planes (see Figure 3.3). The 3%-enriched energy spectrum for the pool
profile reveals some location-dependent variations.
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MCNP5 PTRAC output was used to record the position, momentum, and energy of neutrons at
surfaces, shown in Figure 3.3, incident to the detectors in Geant4 simulation. The neutron
spectral distributions emerging from a shell profile along the Z-axis are shown in Figure 3.4. The
order in the plots, depicting different enrichments, changes at different energy regions as shown
in the insets. Higher enrichments increasingly become significant at higher energies due to the
induced fission neutrons. It was also observed that there exist slight differences in the spectral
distributions for a given enrichment depending on the location of the setup. Figure 3.5 shows the
spectral variation at the 3% enrichment for the pool profile.

3.2.2 Geant4 Simulation

Geant4.9.4 was used to transport neutrons inside the liquid scintillator detectors. Geant4 was
chosen to allow particle discrimination of recoil protons from heavier charged particles, such as
carbon, which is not possible using MCNP5. A total of sixteen right cylindrical liquid scintillator
cells, each with 12.7 cm diameter and 5.08 cm length, were simulated at each location shown in
Figure 3.3. The scintillator cells have the same geometric and material specifications of the front
array of the Neutron Scatter Camera (NSC) developed by Sandia [14]. Using multiple cells in the
detection provides good detection statistics in a relatively short measurement time by summing
individual spectrum from each cell, while avoiding problematic pulse pileup from prevalent
gamma rays in a given detection cell. However, it is crucial to confirm that differences in the
observed spectra are exclusively statistical at a fixed location. The detector locations, shown in
Figure 3.3, were chosen to study the variability of the source-to-detector geometry and therefore
the impact on the PCA approach.

Neutron energy deposition in each scintillator cell was recorded and binned into 150 channels
representing the neutron energy range 0 to 15 MeV. Based on the setup shown in Figure 3.3, for
each enrichment with five different profiles and the sixteen liquid scintillator cells at each
location, a total of 320 neutron spectra were simulated. Using the simulated spectra and the PCA
technique, investigation was made to determine the spectral features’ dependence on UFg
enrichment and filling profile. Other factors that can possibly contribute to spectral features,
mainly scattered neutrons from the surrounding environment and ambient gamma flux that can
be misidentified as neutron pulses, were not considered. The impacts of these factors are topics
for future investigations.

3.3 Application of Principal Component Analysis

PCA is a mathematical technique involving a procedure that transforms a number of correlated
variables into uncorrelated variables called principal components (PC). The first principal
component accounts for the maximum variability in the data and each succeeding components
account for successively smaller fractions of the remaining variability [17-19]. The PCA
technique has proven to be advantageous in various fields including data characterization, feature
analysis, anomaly detection, image classification, and gamma-ray spectral analysis. The goals in
the use of PCA are: reduction of dimension in the data, and identification of underlying
meaningful variables or features in the data. The latter is the advantage we would like to exploit
for UFg enrichment identification.
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Figure 3.6. Neutron pulse height spectrum (PHS) for 0.3%, 3%, and 5% enriched UF.
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Figure 3.7. Neutron pulse height spectrum smoothed using Savitzky-Golay (SG) or
polynomial filter [21]. The SG filter enables suppressing statistical fluctuation on neutron

pulse height spectrum.

Before implementation of the PCA, the energy spectra from Geant4 simulation were processed
using the measured light yield and energy resolution of the simulated liquid scintillators to
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generate a realistic neutron pulse height spectum. Figure 3.6 shows representative simulated
neutron pulse-height spectra for 0.3%, 3%, and 5% enriched UFg that were configured in a shell
profile. It is obvious from the plot that the three enrichments represented are separated between
0.24 and 1.2 MeV. Above 1.2 MeV statistical fluctuation in the counts becomes increasingly
significant. The increased variance above 1.2 MeV can have a significant impact in the PCA
implementation. To address the impact, it may be necessary to use increased number of source
neutrons in the simulation. This requires an increase in the measurement time of the UFg neutron
spectrum. Alternatively, spectral smoothing can be used as an option provided the smoothing
does not alter the underlying spectral features relevant to neutrons from the UFg mass. In the
present study a low-pass filter known as Savitzky-Golay (SG) [21], or polynomial filter, was
used to suppress the impact from statistical fluctuation. Figure 3.7 demonstrates the SG filter
performance on a simulated spectrum. As can be seen on the figure, the variance at the higher
energy end of the spectrum can be reduced using the SG smoothing. The lowest neutron energy
considered in the analysis was 100 keVee. This was based on a typical threshold used in
measurements [14]. The neutron pulse height spectrum was rebinned into ten energy groups that
range from 0.1 to 7.5 MeV. Rebinning of the data was necessary due to the poor energy
resolution of liquid scintillators, which make only a limited number of energy groups practical in
feature extraction from the pulse height spectrum. The number of groups and group width can be
flexibly varied to allow optimization in PCA implementation. A similar approach and detailed
analysis was made using plastic scintillators in gamma-ray spectrometry by Ely et al. [22]. In the
present study, a 100 keV bin width was used between 0.1 and 1 MeV. To allow statistically
significant counts in all bins, a single bin was used for the energies between 1.0 and 7.5 MeV.
Using the ten energy groups, applying the PC transformation will result in ten PCs.

The approach in the current PCA implementation assumes a reference PC transform,
alternatively called a reference PC space, and is defined by a declared UFg enrichment in a 30B
cylinder. For the present PCA implementation a 3% enrichment was used as the declared
enrichment and therefore was used to train the PC transformation. Training of the PC
transformation involves the evaluation of the coefficients and other related parameters used in
the linear transformation. The coefficients—also known as the loading coefficients—are the
eigenvectors calculated using the PCA implementation for the selected enrichment. Subsequent
simulated or measured data from a 30B cylinder when transformed into the PC space may either
be within the same PC distribution, if having 3% enrichment, or are identified as an outlier if the
enrichments in the cylinders are different. This will allow anomaly detection in the simulated or
measured spectrum. With the anomalous distribution, it may be possible to provide more
information than simply the cylinder’s material has an anomalous enrichment, and estimate the
cylinder’s enrichment using an appropriate calibration or metric. The Mahalanobis distance
(MD) [23] is a common distance metric used in PCA implementation. The MD gives a variance-
weighted distance for the projected PCs, or commonly known as PC scores, from the reference
PCs and was used in the present study. After determining the PCs for each enrichment and
profile, the MD was calculated between the reference PC scores and other enrichments of
interest for each profile. The MD as a metric, or classifier, was used to generate the receiver-
operating characteristic (ROC) curves for a given false positive probability (FPP) associated with
misidentifying a given enrichment. Since a functional distribution cannot be associated with each
enrichment’s PC distribution, an order statistic, also known as a non-parametric statistic, was
implemented in generating the ROC curves. The accuracy of the technique implemented can then
be determined using the area under the (ROC) curve, AUC.
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Figure 3.8. Plots of the ten PCs based on summing the response of all 16 detectors in
each unique detection plane. The PC space was trained using all possible detector

locations and UFs filling profiles, with a 3% declared UFs enrichment. Data was not
smoothed in this analysis.

3.4 Results and Analysis

Initial PCA implementation proved that for each location considered in Figure 3.3, the
differences in the neutron pulse-height spectra between the sixteen liquid scintillators cells are
mainly statistical. Based on this finding, subsequent PCA implementation adopted a single
detector approach in which all sixteen neutron spectra at a given location were summed to
produce a single neutron pulse-height spectrum. Figures 16 and 17 present the plots of the ten
PCs for the summed detector response arrangement before and after implementation of the SG
filter, respectively. Individual enrichments are represented by twenty PC scores that are from the
four locations and five profiles considered. The first PC has the most variance compared to the
subsequent PCs. The variance in the PC scores can possibly be attributed to: differences in the
geometry-related features from the four locations considered; characteristic features from the
different neutron populations discussed in Section 3.1; variation in filling profiles; and statistical
variance in the simulated neutron pulse-height spectra, mainly at higher neutron energies. Results
from the present study show that statistical variance is a significant component in the calculated
PCs. PC plots generated before the SG implementation, Figure 3.8, shows overlap between the
reference 3% enrichment with adjacent enrichments for higher PCs. Relatively better separation
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in the enrichments can be seen for lower PCs, as it the case for PC5 to PC8. The application of
the SG filtering has enabled significant improvement in the separation of the 3% from the other
enrichments. This is clearly evident in Figure 3.9, which shows the PC-space plots for the first
five PCs. Almost all enrichments were discriminated from the 3% reference enrichment using the
first two PCs. The improvement achieved using the SG filtering indicates that statistical noise in
the neutron spectra has considerable impact in the PCA implementation. It can be seen that there
is still some overlap between the 3%, the 4% and the 5% enrichments. This is most likely due to
the statistical noise not addressed by the SG filter application. The overlap may result in reduced
accuracy in classification of these enrichments using the MD metric.

PC1vs PC2 PC2vs PC3
T L B e e~ T T REEEsEEEs e el
— Py .t = ] : T T T H +—
I X : 1
= SO . = E ] i =
- t *ie * 4 * _,:_-i‘ H H H : : : ! -3
iE % rTYy ' . H = E %‘ : : -
= i ; : ; — E 4 i E
5 E Hy S i i R
4 £ = E A.l‘ | | » i E
3 .5* n* 2y ; . f ]
R = ¥ . i i — ™ E ‘;‘\ i i =
g E . g £ L R '*w i =
= i [ E E ' ot v} -&Q E
-5 [Simulated Sources : : e LE Sources ; i MAF 3 &
* % La * % : v L ]
6| W 0% ! ; Am_: 4 W oT% . ; : =
A 03% 'Y . A 0.3% : i W A
a2l » 1% SRS SOV, SN S S—— 1% i i i
wad 4 3 v 2% T I =
8| ® ; ; | — & 4% i i =
> 5% M R BT R i als: 5% ddkkid i Il RN WS W
[ 5 10 15 20 7 Ja 5 4 3 2 E] ] 1

PC1 PC2

PC3 vs PC4 PC4 vs PCS
3F T T T | REREE TF T T in SR B I R B B B .
2k : 3 . 1= & i i 3 : H : -
- i ] u . : ; ]
o A * 3 E | 3 ! ]
P it A E - | o }‘ ..Yv | -
- l"lﬁ_ of— H H L S - ; H H -
C A : ] - I 5. b ¥ 1 ]
o : ] E . . v . ]
0= ‘_‘ Y . C i “.’.* i i 1]
E i ] P SR S SRS N SO i - S RO
3 F A 3 I : ! ] : =
3 E - gk S L BE
A - C : : m ; ]
! ] - : : ¥ n H i
T e i i i ] A — TS R
2 % 3% ) : : : = # % Ay 7
W oT% | ! ! ] W 07% A, : - b
A 0.3% i i i . 3 A 0.3% . S Y St St .
e t | £ 7 : i ] ¥ 1% 3
¥ 2% i i i . ¥ % ]
o 4% ; ; ; ] P SRR W RS SO SRR S i
il A T R T RN ST o 5% PP P I I P
1 05 0 0.5 1 5 F] 25 E] 35 EX E] 05 [] 0.5 1 15 ]

PC3 PC4

Figure 3.9. Plots using the first five PCs based on the summation of detector responses
in each detection plane. The PC space was trained using all possible locations and
profiles and with a declared 3% UFs enrichment. Data was smoothed using the Savitzky-
Golay (SG) filter [21].

Figure 3.9 proves that the neutron pulse-height spectra may be represented by the first two PCs,
which clearly show enrichment attributes associated with the neutron spectrum. At lower PCs
(=PC3), there is less information related to the enrichment attributes and the plots in Figure 3.9
reveal increasingly less discrimination among the different enrichments. Despite the significant
variation in the UF¢ profile simulated, it was possible to discriminate the UF¢ enrichments. The
approach in the present study has proved to be unaffected by the UF; filling profile. This further
paves the way towards the fast monitoring and verification of UF¢ by enabling the design of
efficient detection setup.
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total variance. Data was not smoothed in the analysis.
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Figure 3.11. ROC curves generated using the first five PCs, which account for 94% of the
total PC variance. Data was smoothed using the Savitzky-Golay [21] filter in this analysis.
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Using the MD metric, ROC curves generated using the first five PCs for the data with no SG
smoothing are shown in Figure 3.10. The Y-axis represents the sensitivity or the true positive
and the X-axis represents the false positive also given as one minus specificity (true negative).
The accuracy (AUC) in the classification of individual enrichments is shown in the legend. The
first two PCs account 79.4% of the variance in the PC space. Including more PCs can possibly
increase the accuracy. But this will be at the compromise of increasing dimensionality, and thus
analysis complexity. Figure 3.11 shows the ROC curves generated using the first five PCs for the
data with SG smoothing. The AUC is 100% for all except for the 4% and the 5%, which were
determined to be 90.7% and 97.85%. The first two PCs account nearly 94% of the variance in the
PC space.

3.5 Discussion

The present simulation study has demonstrated that neutron spectrometry coupled with an
appropriate technique for feature extraction can allow unattended passive neutron assay, which is
insignificantly affected by the UFg filling profiles or source-to-detector setup geometry. The
outcome opens the possibility of fast monitoring and verification of UFs by enabling an efficient
detector design. This in return allows reduced statistical variance in PCA implementation. PCA
has been also demonstrated as one possible technique that can enable feature extraction and
monitoring of UFg in storage cylinders. In the present study the simulated neutron spectra do not
include features from scattered neutrons from specific measurement surroundings, misidentified
gamma signals that can happen in PSD measurements, and background neutrons. These may
have some impact in the PCA implementation. These and other factors will be topics for future
investigations.
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4. MEASUREMENT OF THE NEUTRON ENERGY SPECTRUM

4.1 Introduction

Monitoring uranium enrichment remains an important problem for nonproliferation and
safeguards. Current technologies which measure the »°U enrichment in UFg cylinders require
controlled conditions for accurate measurements, and utilize gamma and low energy neutron
signatures which measure only the outside surface of large, dense UF¢ volumes. This results in a
non-robust measurement which could be exploited through diversion. As discussed in previous
sections of this report, fast neutron spectrometry and imaging can be applied to fill this gap, as
the high energy neutrons are deeply penetrating and carry the potential to allow for whole-
cylinder measurements. While previous sections explored this measurement concept via
simulation, here we will discuss a practical deployment of the technique. A suite of detectors was
deployed at the Paducah Gaseous Diffusion Plant (PGDP) in July 2012, including several
different liquid scintillator cells (EJ-309), a *He tube for simple neutron counting, and a large
sodium iodide scintillator for gamma-ray spectroscopy. We will focus on the fast neutron
response of the liquid scintillator and our efforts to characterize multiple UFs 30B cylinders of
varying enrichment using spectral information.

4.2 Experiment

Liquid scintillator was chosen because of its high detection efficiency, ability to discriminate
between gammas and neutrons via pulse shape discrimination (PSD), and reasonable energy
resolution. This has proven a successful combination in the past for the Neutron Scatter Camera
[14], a detector which has been evaluated in this project for application to 30B cylinder assay.
For the first measurement opportunity at PGDP, a measurement system that mimicked the
important features of the Neutron Scatter Camera while affording maximum flexibility in
deployment configuration and detector response information was desired. A system was
constructed that contained EJ-309 cells of varying size to study the effect of cell size on the
measurement. Included were 5.08 cm % 5.08 cm (diameter x height), 7.62 cm X 7.62 cm, 12.7 cm
x 5.08 cm and 12.7 cm % 12.7 cm right cylindrical cells read out by either 5.08 cm or 12.7 cm
Hamamatsu photomultiplier tubes (PMT).

Figure 4.1. MCNP models of the 4 liquid scintillator cells, from smallest (5.08 cm x 5.08
cm) on left to largest (12.7 cm x 12.7 cm) on the right.

These detectors were arranged in a close-packed configuration and packed in Styrofoam and
cardboard for robust shipping in a large crate. Signal and power were run out of the crate and to
an electronics rack which utilized a Mesytec MPD-4 module to read out pulse amplitude and
perform pulse-shape discrimination. A Mesytec-based analog data acquisition system was used
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in lieu of a more compact system using waveform digitization because at the time of the
measurement, this electronics choice closely resembled the configuration of the Neutron Scatter
Camera.

The measurement area at PGDP is shown in Figure 4.2. This location is outdoors, far from a
large background source of UFg-filled 48Y cylinders. Generally, the measured cylinder was
isolated from other 30B cylinders by moving cylinders into and from a fixed measurement
location, with cylinders staged many 10s of meters away. A photograph of a typical
measurement geometry is shown in Figure 4.3.
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Figure 4.2. Left: an aerial view of PGDP taken from Google Maps, with the measurement
area outlined in red. Right: a closer look at the measurement area; 30B cylinders
intended for measurement were staged in the red area; other cylinders in the blue box
were new, unfilled cylinders that would not contribute to background; the cylinders in the
yellow box were filled with depleted UFe.

Figure 4.3. A typical measurement configuration. The 30B cylinder is covered with lead
blankets to reduce the gamma-ray contamination in the EJ-309 scintillator cells. The
detectors are arranged in the blue box. The electronics rack is in the vertical crate seen
on the left.
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A total of seven 30B cylinders were measured with this detection system, ranging from 0.72% to
4.95% 2*U enrichment, including two cylinders containing down-blended Russian HEU. We
positioned our detectors at distances up to 1 m from the cylinders, in side-on and end-on
configurations. For the purpose of this comparison we will focus on 1 m distances in the side-on
configuration, which was the most common measurement configuration. Lead blankets were also
used in most cases to provide some photon shielding, although the shielding available made
reproducibility difficult.

Calibrations were performed using isotopic sources in the field. A ®°Co source was used for
energy calibrations, and a 2*°Cf source was used for PSD calibrations. Each calibration was
performed at least once per day.

Table 4.1. Paducah 30B cylinder enrichments.
Cylinder Enrichment  Origin Measurement Time Distance

LU1511 0.72% PGDP 6 hours 25 cm

LU1603 2.00% PGDP 6 hours 1m

LU2081 3.60% PGDP 6 hours 1m

LU2550 4.95% PGDP 2.5 hours 1m

LU0296 4.00% Russian 1.5 hours 1m

LU1004 4.95% Russian 2 hours 1m
4.3 Results

Data recorded for each cylinder consisted of energy and PSD in list mode for each detected
event, allowing us to post-process the data and filter for neutron events before creating energy
spectra. One common representation of this data is in an energy vs. PSD plot, which shows the
neutron and gamma distributions. PSD is calculated as the area in the tail of the pulse to the area
of the full measured pulse, and neutrons generally populate a horizontal band at a higher PSD
value than do photons because the scintillation light generation for neutron events tends to have a
slightly longer time scale. An example of this data for one of the cylinders is presented in Figure
4.4,

\ The high photon flux posed an issue for these measurements as pileup was common, and pileup
will negatively influence PSD measurements. This effect is apparent when performing a PSD cut
for neutrons and plotting the energy spectrum (Figure 4.5). Because of their larger volume for
photon interactions, the larger cells suffered greatly in their ability to discriminate between
gammas and neutrons, leaving the smallest 5.08 cm x 5.08 cm cell as the cleanest source of data.
For this reason we focused further analysis on this cell.
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Figure 4.4. PSD (vertical axis) vs. energy (horizontal axis) for each liquid scintillator cell.
Units are in amplitude (arbitrary units). Cell dimensions are listed in inches. The 2"x2"
cell (5.08 cm x 5.08 cm) can be seen to have the best PSD separation.
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scintillator. Deviations from this can be attributed to gamma contamination.
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Focusing on the 5.08 cm x 5.08 cm cell allows us to plot a relatively simple energy spectrum
comparison of the different cylinder enrichments, shown in Figure 4.6. It should be noted that the
cylinder with the smallest **U content cylinder (black line) has the highest fraction of events at
large energies (as expected from the simulation studies); the highest enrichment (pink line) has
the smallest fraction of events at large energies, which is because of the increasing 2*U(a,n)*°F
reaction and is also consistent with simulations.
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Figure 4.6. Normalized neutron energy spectra for 5.08 cm x 5.08 cm, all cylinders.

4.4 Analysis

Due to the fact that the 2*U enrichment increases the neutron population under 2.5 MeV, and the
depletion of 2*®U decreases the >2.5 MeV energy population, initial analysis focuses on a simple
two energy window ratio method. All cylinders were expected to have the same mass, UF filling
profile, and similar systematic uncertainties from measurement geometry, so the PCA technique
would not be required to filter out these sources of added measurement variance. To avoid a
biased result, optimization of this window was initially done only with the four non-Russian
material cylinders, using half of the available data up to a maximum of 3 hours. This optimized
window fit was then applied to the other half of the data (up to 3 hours again), and the quality of
the same data fitting function was tested. The optimization imposed the requirement of non-
overlapping windows at least a few energy bins wide (see Figure 4.7), and looped through many
of these possible combinations while the four non-Russian material data sets were fit to a linear
function, with a test for goodness of fit. The ideal fit was selected to have both a large slope and
a small »* value. Figure 4.8 contains the optimized window results for the first half of the data
set. The fit result was then applied to the second half-data set, shown in Figure 4.9.
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Figure 4.7. A schematic demonstrating the optimization of high-energy bins (black lines)
and low-energy bins (blue lines) for a neutron energy spectrum (green curve). Each pair
of blue/black lines depicts a possible binning combination that would be considered by
the fitting routine. For each binning combination, a linear fit would be applied to the bin
ratio vs. enrichment plot, and the best linear fit determines the optimal binning
combination.
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Figure 4.8. The first half of the data set with optimized windows. Left: bin ratio results vs.
true enrichment. Right: plotting calculated vs. true enrichment using the inverse of the
linear fit.

The prevailing error in the linear function fit was due to the high energy integral statistics, where
100 high energy neutrons were counted on average. The cylinders containing Russian down-
blended HEU are not represented by the linear function generated by the other four cylinders.
The typical uncertainty in these measurements is around 1.5% **°U content.
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Figure 4.9. The second half-data set with energy windows optimized on the first half of
the data. Left: the bin ratio results vs. true enrichment. Right: the calculated vs. true
enrichment values for both halves of the run, with the Russian down-blended material
cylinders shown as well.

4.5 Measurement system scaling

The measurement results from the PGDP deployment can be used to roughly size an array of EJ-
309 liquid scintillator cells for future measurement of 30B cylinders. In Table 4.2, the data from
the 5.08 cm x 5.08 cm cell is used to estimate the counting uncertainty as a function of
measurement time if a single detector of the same size was placed 1 m from a 30B cylinder. A
measurement period of 15 hours is required to reach a statistical uncertainty of 10% relative
uncertainty. This is a very long measurement. However, Table 4.3 provides some hope. In this
table, the detection volume is not fixed at a single small detector, and is instead scaled up to
arrays of larger detectors. The relationship between number of detectors for a given cell size and
counting time to achieve a 5% relative uncertainty is presented. For an array of twenty 12.7 cm x
12.7 cm detectors, the measurement will only take 10 minutes. This array would be very similar
to a single plane of the Neutron Scatter Camera, so it is a practical goal.

4.6 Discussion

This series of measurements was performed in an attempt to show the viability of performing
uranium enrichment measurements using neutron spectrometry. While only a small set of
cylinders were used in this study, the results confirm that neutron spectroscopy can indeed be
used to measure enrichment of UFs.

Comparison of Figure 4.8 and Figure 4.9 indicates the neutron energy spectrum remained
reasonably stable over a multiple-hour outdoor measurement, as the ratio test optimized on the
data of Figure 4.8 also fits the data of Figure 4.9 within statistical uncertainty. The Russian
down-blended material does not conform to this linear relationship, but it was not necessarily
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expected to have the same neutron energy spectrum, as the isotopic content of 2**U is different in
this material due to the initial enrichment to HEU with subsequent down-blending to LEU.

Further analysis of this data may reveal valuable information from the larger scintillator cells that
can be extracted in time. Because the results obtained with this small detector array represent a
statistically limited measurement often having fewer than 100 events in the high energy integral,
future measurements are desirable with a larger array of detectors. Data presented in Table 4.2
and Table 4.3 indicate that reasonable measurement uncertainty could be achieved with a 10-
minute counting time using an array of twenty 12.7 cm x 12.7 cm EJ-309 cells. Of course, the
problem of photon pileup would need to be addressed, which may be achieved using waveform
digitizers to identify and throw out pileup events in the analysis, engineered shielding on the
detector, or a combination of both.

Table 4.2. The relationship between measurement time and measurement (counting)
uncertainty for a single 5.08 cm x 5.08 cm cell placed 1 m from a 30B cylinder.

Time (hrs) High-energy counts Uncertainty
1 6.5 0.39
2 13 0.28
5 325 0.18

10 65 0.12
15 97.5 0.10
20 130 0.09
30 195 0.07
40 260 0.06
50 325 0.06
60 390 0.05

Table 4.3. The relationship between the number of cells in an array and measurement
time to reach a 5% measurement (counting) uncertainty for cells of three sizes.

5.08 cm x Hours 7.62 cm x Hours 12.7 cm x Hours
5.08 cm 7.62 cm 12.7 cm

1 50 1 14.8 1 3.2
2 25 2 7.4 2 1.6
5 10 5 3.0 5 0.64
10 5 10 15 10 0.32
15 3.3 15 1.0 15 0.21
20 2.5 20 0.74 20 0.16
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5. PASSIVE NEUTRON IMAGING

5.1 Introduction

Current assay technology relies on the measurement of 186 keV gamma rays from 2*°U decay or
thermal neutron counting using ®He detectors [1-2]. However, because of the short path length of
these low-energy particles through the UFg both methods suffer from large systematic
uncertainty due to incomplete knowledge of the mass distribution within the cylinder, in addition
to being insensitive to material in the inner regions of the cylinder (see Figure 1.1).

It has been reported in [1] that the thermal neutron detector response is significantly dependent
on the UFg the filling profile. Therefore knowing the filling profile in the UFg container may be
important for the accurate assessment of UFg enrichment; even for penetrating fast neutrons, the
number of neutrons counted over a fixed measurement interval has been calculated to vary when
the distribution of material within the cylinder is changed (see Figure 5.1). This section of the
report addresses the possibility of using passive fast neutron imaging to assess the material fill
profiles in 30B cylinders. Models of the 30B cylinder with two distinct filling profiles were
constructed and implemented for the purpose. In addition, we modeled the Sandia-developed
Neutron Scatter Camera (NSC) to assess its ability to determine the UFg filling profile by fast
neutron imaging. A detail of the imaging effort is presented below.
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Figure 5.1. A simulation of the Neutron Scatter Camera response to a 30B cylinder filled
in two geometries (shown in Figure 5.3 below) for UFg enriched to 5% ?**U. The simulation
indicates the detector response is indeed affected by the geometry of a particular
measurement scenario.
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Figure 5.2. MCNP setup for imaging UF; 30B cylinder using the Neutron Scatter Camera.
The camera is set approximately two meters away from the center of the cylinder. The
NSC consists of a front plane of 16 liquid scintillator detectors rear plane of 16 detectors
placed up to 40 cm from the front plane; neutrons that scatter in both planes within an
appropriate coincidence gate are used to reconstruct the neutron energy spectrum and
image.

Figure 5.3. UF¢ 30B cylinder material profiles used in modeling. (a) UF¢ (gray) solidified
while the cylinder is lying horizontally, resulting in a fill from the bottom up with a void
(white) at the top. (b) UF¢ solidified in a uniform shell on the cylinder wall, with a central
void.

5.2 Methods

5.2.1 MCNP5 and MCNPX-PoliMi Modeling

MCNPS5 [13] and MCNPX-PoliMi [24] were used to model the UFs 30B cylinder and the NSC
(shown in Figure 5.2). MCNPX-PoliMi was used to simulate the transport of fission and (a,n)
neutrons through the UF¢ cylinder as well as their interaction with the NSC. Subsequently,
appropriate detector response functions that account for the quenching and energy resolution of
the NSC were implemented. Details of the NSC are given in previous publication [14,25]. Two
distinct filling profiles for the 30B cylinder were considered (shown in Figure 5.3). These
profiles have distinct geometries that can impact the UFs enrichment measurements.
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5.3 Results and Discussion

5.3.1 Considering imaging for UFg profile determination

To assess the possibility of UFg profile determination through fast neutron imaging, spontaneous
fission and (o,n) neutrons populations were generated using SOURCES 4C [11] and transported
through the UFs mass using MCNP5 and MCNPX-PoliMi. The neutron energy flux that is
incident on the NSC was recorded together with other relevant information including the position
and momentum vectors for later analysis. Data from the MCNP5 PTRAC output file representing
the incident neutron flux was back-projected to reconstruct the UF¢ profile image. The
reconstructed image will help evaluate if the incident neutron flux has the required information
to resolve the filling profile in the case of perfect detector response; subsequent simulations
using real (imperfect) detector response will be degraded compared to this case, and so it can be
considered an ultimate limit on performance. The back-projected images for the two distinctive
profiles considered in the modeling are shown in Figure 5.4. As can be seen in the figure, fast
neutron imaging has the potential to allow the assessment of UF filling profile. However, it is
clear from Figure 5.4(b) that pure consideration of back-projection image reconstruction is
insufficient to determine whether the cylinder center is void or not. This may be a limitation of
this analysis, as all of the neutrons detected from the cylinder, which has significant depth in the
field of view compared to the detector standoff from the cylinder, are being projected onto a
single plane. Assessment of the inner distribution may thus entail further image analysis.

Figure 5.5 is a Monte Carlo result mapping the origin of each fast neutron imaged by the NSC
for the profile shown in Figure 5.3(b), confirming that fast neutron detection is sensitive to UFg
throughout the entire cylinder. In this simulation, the NSC is located just to the left of the figure;
the density of detected neutrons is greatest near the NSC, a combination of neutron attenuation
while travelling through the UF¢ and solid angle coverage. A future study could attempt to
correct for the non-uniform solid angle coverage of the NSC, thereby isolating the particle
transport effects.

(2 (b)

"B

Figure 5.4. Back projected images for UFs 30B cylinder filling profiles used in modeling.
The geometries considered for (a) and (b) match the profiles shown in Figure 5.3, cases
(@) and (b). The bottom-fill material profile (a) generates an image with suppressed
intensity at the top, where the void is located. The symmetric material profile (b)
generates an image that is uniform.
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Figure 5.5. Origin of imaged fast neutrons from UF; cylinder shell with a constant
thickness and with a void center. As can be seen, more neutrons are incident from the
side facing the Neutron Scatter Camera (NSC), positioned 2 meters to the left of the
cylinder. Fast neutrons from the opposite side of the shell, though not as abundant as
ones on the NSC side, are also observed. Some neutrons appear to originate in the
central void: these are actually from UF; material layered at the ends of the cylinder.

5.3.2 UF¢ profile imaging using the Neutron Scatter Camera

The NSC simulated data was used to reconstruct the UF¢ profile images. Details on the image
reconstruction using the NSC may be found in [14,25]. UF¢ profile image reconstruction was
performed using the filling profile shown in Figure 5.3(b) for the NSC positioned at the end of
the 30B cylinder, as shown in Figure 5.2 and for the NSC positioned at the side of the 30B
cylinder. Results from end and side views are shown in Figure 5.6(a) and (b) respectively. The
results are encouraging when considering the end view. However, case (b) is not well resolved,
and requires additional work.

(a) (b)

Figure 5.6. Neutron scatter camera (NSC) reconstructed images for (a) NSC facing the
end of 30B cylinder as in Figure 5.2 (b) NSC facing the side of the 30B cylinder.
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The possibility of using other imaging modalities may be considered in future work. While this
paper focuses on the NSC because it is existing hardware at Sandia and is well-characterized, it
IS not necessarily the optimal instrument. For example, pinhole imaging systems have much finer
position resolution than the NSC; these systems require consideration in the future of this
project. Also, the double-scatter requirement imposed by the NSC for imaging events greatly
reduces the population of available neutrons. Table 4.3 in the previous section indicated that an
NSC-like array of detectors could perform spectroscopy with measurement times on the order of
10 minutes, but that is for all neutrons scattering in at least one detector, which is more efficient
by up to two orders of magnitude. This implies that it might take 1000 minutes to image a
cylinder with the NSC, which is an impractical measurement time at a facility with a high
cylinder throughput.

5.4 Discussion

Passive fast neutron imaging for the determination of UF fill profile in 30B cylinders has been
considered for this project. Results obtained confirm that the information content of the neutron
field is sufficient for a perfect imaging system to determine the UFg filling profile. This could be
used in the future to reduce systematic uncertainties in the determination of UFg enrichment and
mass in 30B cylinders, as well as other configurations and chemical compositions of dense
special nuclear material. However, neutron detection optimization and imaging modalities have
to be further investigated for unambiguous evaluation of UFg filling profile.
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6. CONCLUSIONS

This project considered the use of fast neutron spectroscopy to perform uranium enrichment
measurements on UFg storage containers, specifically the 30B product container. Simulations
were performed to systematically step through the generation of neutrons in the bulk material,
then transport neutrons through the 30B cylinder, and finally to simulate the detector response of
the Neutron Scatter Camera (NSC). These simulations indicated that information on **U
enrichment is contained in the neutron energy spectrum, and can be obtained with a good
measurement. The simulations did not consider scattering off of the ground or other
environmental effects; these effects may be considered for future work, although they are not
expected to be important in calculating the NSC detector response, which is generally insensitive
to scattered neutrons.

A measurement of several 30B cylinders was arranged at the Paducah Gaseous Diffusion Plant.
An array of detectors representing NSC-like technology was assembled and used during these
measurements. The data indicated that the neutron energy spectrum does indeed change with
enrichment, and through the use of a simple two-bin analysis method, the change in the bin ratio
as a function of enrichment could be observed. This measurement also was used to estimate the
size of a reasonable prototype measurement system, which would be on the order of 20
individual 12.7 cm x 12.7 cm EJ-309 liquid scintillator cells (very similar to the NSC). A
solution to photon pileup is required for such a system, though; this solution may use engineered
shielding, or pulse digitization to sort out pileup events during the analysis. It may even be wise
to consider a neutron spectrometer other than liquid scintillator—for example, spectrometers
exist that utilize “He gas, and while they have excellent gamma-ray insensitivity, they are also
much less efficient in neutron detection.

An advanced analysis technique (PCA) was investigated as a means to extract enrichment
information when the systematic uncertainties—such as UFg filling profile—are unknown for a
particular cylinder. The PCA technique was applied to a large set of simulated data, and it was
found that PCA does allow identification of enrichment, regardless of detector location or UFg
filling profile. A caveat is that the simulations assumed measurement times of several hours,
which is likely to be impractical for field use. Studies of the tradeoff between PCA performance
and measurement time are suggested for the future.

There are, of course, limitations to this measurement concept. The measurement precision is
unlikely to ever challenge the performance of the enrichment meter [2], although the point of the
neutron spectrometer is to reduce potential systematic uncertainties, which could potentially be
large with the enrichment meter in uncontrolled measurement configurations. Also, the neutron
spectrometry technique relies upon a well-characterized relationship between ?*U and **°U
isotopic fractions; however, the introduction of reprocessed uranium may complicate the analysis
because the isotope ratios will be different after sufficient neutron irradiation in a reactor. The
PGDP measurements indicate that this may have also been a problem when analyzing the
cylinders containing Russian down-blended HEU, which does not have the same #°U/**U
isotopic ratio as a result of its processing. It should be stated that these potential concerns and the
photon pile-up experienced in the PGDP measurements are not unique to the proposed neutron
spectrometry enrichment measurement: the gamma ray flux is a concern for all detectors except
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those that are truly gamma-insensitive (such as ®He proportional detectors), and the isotopic ratio
will be a potential complication for any passive neutron-based measurement (including
measurements based upon the conversion of neutrons into gamma-rays).

Finally, it is worth mentioning some other benefits of utilizing the NSC for the neutron
spectrometry enrichment measurement. The NSC is capable of neutron imaging, as reported in
Section 5, and it is possible to reject backgrounds—either a natural background or from nearby
30B cylinders—by performing neutron imaging during the measurement and rejecting neutrons
that originate outside the region occupied by the cylinder being interrogated. Also, neutron
imaging can potentially be used to image the UF; distribution within a 30B cylinder, which could
provide a safeguards verification tool allowing inspectors to determine whether the cylinder has
internal structure that is unexpected. The limited work on neutron imaging indicates that it might
be possible, but would likely require further work to explore whether more efficient imaging
techniques are possible due to the impractically-long imaging period required by the NSC.
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