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Summary 

Pacific Northwest National Laboratory (PNNL) is developing the concept of an automated UF6 
cylinder verification station that would be located at key measurement points to positively identify each 
cylinder, measure its mass and enrichment, store the collected data in a secure database, and maintain 
continuity of knowledge on measured cylinders until the arrival of International Atomic Energy Agency 
(IAEA) inspectors.  At the center of this unattended system is a hybrid enrichment assay technique that 
combines the traditional enrichment-meter method (based on the 186-keV peak from 235U) with non-
traditional neutron-induced high-energy gamma-ray signatures (spawned primarily by 234U alpha 
emissions and 19F(α,n) reactions).  Previous work by PNNL provided proof-of-principle for the non-
traditional signatures to support accurate, full-volume interrogation of the cylinder enrichment, thereby 
reducing the systematic uncertainties in enrichment assay due to UF6 heterogeneity and providing greater 
sensitivity to material substitution scenarios [Smith 2009; Smith In press].  

The work described here builds on that preliminary evaluation of the non-traditional signatures, but 
focuses on a prototype field system utilizing NaI(Tl) and LaBr3(Ce) spectrometers, and enrichment 
analysis algorithms that integrate the traditional and non-traditional signatures.  Results for the assay of 
Type-30B cylinders ranging from 0.2 to 4.95 wt% 235U, at an AREVA fuel fabrication plant in Richland, 
WA, are described for the following enrichment analysis methods: 1) traditional enrichment meter 
signature (186-keV peak) as calculated using a square-wave convolute (SWC) algorithm; 2) non-
traditional high-energy gamma-ray signature that provides neutron detection without neutron detectors 
and 3) hybrid algorithm that merges the traditional and non-traditional signatures.  Uncertainties for each 
method, relative to the declared enrichment for each cylinder, are calculated and compared to the 
uncertainties from an attended HPGe verification station at AREVA, and the IAEA’s uncertainty target 
values for feed, tail and product cylinders.  Table 1 provides a summary of those results below. 

Table 1.  Summary of enrichment assay results for a population of 26 Type 30B cylinders: 23 product 
(greater than 2.0 wt% 235U), 2 natural, and 1 depleted.  Results are given in terms of relative 
standard deviation from the declared enrichment values. 

Method Product Natural Depleted 

Approximate Target Uncertainty [Aigner 2001]1 5  10 15 

Traditional HPGe (from AREVA) 3.3 5.2 12 

Traditional LaBr (SWC method) 3.1 9.4 11 

Traditional NaI (SWC method) 3.5 7.9 13 

Non-Traditional NaI 3.7 4.9 32 

Hybrid NaI (simple average) 2.5 4.6 9.7 

                                                      
1 The target uncertainties are estimated from the combination of systematic and random errors given in Kuhn and 
should be used only to set the scale of the target uncertainties. 
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A summary of the major findings from the field measurements and subsequent analysis follows:  

• Traditional enrichment-meter assay using specially collimated NaI spectrometers and a Square-
Wave-Convolute algorithm can achieve uncertainties comparable to HPGe and LaBr for product, 
natural and depleted cylinders.     

• Non-traditional signatures measured using NaI spectrometers enable interrogation of the entire 
cylinder volume and accurate measurement of absolute 235U mass in product, natural and depleted 
cylinders.   

• A hybrid enrichment assay method can achieve lower uncertainties than either the traditional or 
non-traditional methods acting independently because there is a low degree of correlation in the 
systematic errors of the two individual methods (wall thickness variation and 234U/235U variation, 
respectively).   

This work has indicated that the hybrid NDA method has the potential to serve as the foundation for 
an unattended cylinder verification station.  When compared to today’s handheld cylinder-verification 
approach, such a station would have the following advantages: 1) improved enrichment assay accuracy 
for product, tail and feed cylinders; 2) full-volume assay of absolute 235U mass; 3) assay of minor isotopes 
(234U and 232U) important to verification of feedstock origin; single instrumentation design for both Type 
30B and Type 48 cylinders; and 4) substantial reduction in the inspector manpower associated with 
cylinder verification. 

The proof-of-principle results presented in this report encourage further study of the strengths and 
limitations of the hybrid method, and comparison to other NDA methods being proposed for automated 
cylinder verification stations.  The major tasks proposed for FY11 and FY12 investigation are: 

Refine and Validate Modeling Framework:  High-fidelity modeling of the UF6 cylinder scenario is a 
time- and resource-efficient complement to other development tasks, and aids the exploration of 
systematic errors that are difficult to assess with field data (e.g., the effect of UF6 spatial distribution 
variations).  PNNL developed a functional and preliminarily validated modeling framework in FY10, 
tools that will be further expanded, refined and validated.  

Perform System Design Parameter Study: There are a number of system design choices to be 
considered in a hybrid assay method instrument, including detector size, orientation and 
collimator/converter designs.  Modeling will be used to explore different system designs that strike a 
balance between the performance of the traditional assay method (which benefits from a high degree of 
collimation and small detector area) and the non-traditional method (which benefits from less collimation 
and larger detectors). 

Refine and Evaluate Traditional Method using Square-Wave Convolute Algorithm: The Square Wave 
Convolute (SWC) algorithm developed and implemented in the FY10 study, though first-generation, was 
effective.  We will develop and test extension of the SWC to accurately remove the nonlinear continuum 
contributions, then compare it to other codes to assess the relative strengths and weaknesses in terms of 
assay accuracy and practical operational issues such as robustness against gain and resolution instabilities.   

Perform Additional Field Measurements and Compare to Other NDA Approaches:  The FY10 study 
indicated that a hybrid assay method can meet target uncertainties for depleted and natural enrichments, 
but that analysis was based on very few Type 30B cylinders, rather than the Type 48 cylinders that are the 
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industry standard for feed and tail material.  To definitively assess the viability of the hybrid NDA 
methods for product, tail and feed cylinders will require an extended measurement campaign at an 
operating enrichment plant.  PNNL will pursue collaboration with Los Alamos National Laboratory 
(LANL) for such a campaign, with the goal of side-by-side operation with LANL’s Passive Neutron 
Enrichment Meter (PNEM) that utilizes totals and coincidence neutron counting to achieve NDA 
objectives similar to those achieved by PNNL’s hybrid methods.  A comparative evaluation of the two 
methods, against the same cylinder population, will provide insights into their strengths and limitations in 
terms of accuracy and operational practicality, and help inform further development of both methods as 
appropriate.  
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1.0 Introduction 

International Atomic Energy Agency (IAEA) inspectors currently perform periodic inspections at 
uranium enrichment plants to verify UF6 cylinder enrichment declarations.  Measurements are typically 
performed with handheld high-resolution sensors on a sampling of cylinders taken to be representative of 
the facility’s entire cylinder inventory.  There are recognized shortcomings with the current cylinder 
verification approach.  The first is that the 186-keV gamma ray used in the traditional enrichment meter 
approach is weakly penetrating and therefore, assays only the outer 1 to 2 cm of the UF6 volume; when 
combined with a small field of view for the collimated instrument, the result is a highly localized assay—
just a few cm3 (<0.1%) of the entire cylinder.  For cylinders that are not well-homogenized, either from 
legitimate process variation (particularly common for tails cylinders), or through diversion scenarios (e.g., 
substitution of highly enriched material), this localized assay can be problematic.  Another shortcoming of 
the current method is that local variations in the wall thickness can lead to large systematic uncertainties 
in the 186-keV peak intensity.  This means that cylinder thickness measurements are required to make 
attenuation corrections, another manpower-intensive activity for inspectors.  

Pacific Northwest National Laboratory (PNNL) is developing an Integrated Cylinder Verification 
Station (ICVS) approach that is intended to support 100% cylinder verification (as opposed to sampling-
based verification during periodic inspections of an enrichment facility) and to provide volume-averaged 
cylinder enrichment assay, and do both while reducing inspector manpower needs.  The ICVS concept 
(Figure 1) includes the use of a cylinder trolley that traverses a verification station consisting of mass 
measurement (using a floor scale), cylinder identification (e.g., the IAEA has developed and is testing a 
laser-based system), and preservation of continuity of knowledge (e.g., using the IAEA’s digital-camera-
based technologies).  A full description of the ancillary systems and approaches being proposed for the 
ICVS is presented in Supplemental Systems for Unattended UF6 Cylinder Monitoring [Curtis In Press]. 
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Figure 1.  Conceptual design of an integrated UF6 cylinder verification station (ICVS) that includes a 
cylinder trolley, mass measurement using a floor scale, cylinder identification, and hybrid 
uranium enrichment methods using medium-resolution gamma-ray spectrometers (in blue 
panels) 

In order to maximize the effectiveness of the ICVS’s full volume analysis, advanced NDA assay 
methods are necessary such as the new hybrid NDA methods presented below.  The primary technical 
question addressed in this report is whether a cylinder NDA method that merges the traditional 186-keV 
signature with more-penetrating non-traditional signatures can meet the target uncertainties specified by 
the IAEA [Aigner 2001].  The research presented here compares and contrasts the strengths and 
limitations of this new hybrid NDA method to the handheld-based verification methods used today; we 
will discuss this in the context of modern centrifuge enrichment plants that process feed, tail and product 
cylinders.  This report suggests next steps in the exploration of hybrid NDA methods. 
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2.0 Signatures and Algorithms for Enrichment Assay 

We are currently considering two signatures in the development of NDA methods for the ICVS: the 
traditional 186-keV gamma ray emitted in 235U decay, and  non-traditional high-energy gamma rays 
induced by neutron interactions.  We describe each below in a section that draws heavily from Eric 
Smith’s IEEE conference paper Signatures and Methods for the Automated Nondestructive Assay of UF6 
[In press].   

2.1 Traditional Enrichment Meter Method using 186-keV Peak as 
Direct Measure of 235U 

The traditional 186-keV analysis provides a direct measure of 235U.  While the resolution of medium-
resolution scintillators (e.g., NaI(Tl) and LaBr3(Ce)) is inferior to that of high-purity germanium (HPGe), 
it is still adequate to accurately quantify the net number of counts in the 186-keV peak—if we can realize 
sufficiently robust methods for subtracting a widely varying continuum.  For example, previous work by 
other groups has shown that NaI-based 186-keV peak analysis, using a collimated handheld device and 
measurements at a single location on the cylinder, can achieve approximately 5% uncertainty for product 
cylinders [Walton 1974; Dias 2008].  An underlying assumption of this work is that a fixed-geometry 
instrument that utilizes an array of medium-resolution scintillator spectrometers can reduce systematic 
uncertainties due to background variations and UF6 heterogeneity in the cylinder.  If this assumption is 
proven valid, it may be possible to realize assay uncertainty of less than the 5% reported in previous 
product-cylinder measurements as well as improve assay accuracy for natural and depleted cylinders. 

A number of possible algorithms exist for determining the net area of the 186-keV peak.  In this 
work, a zero-area square-wave digital filter [Janssens 1991] is applied to the raw energy-deposition 
spectrum of counts versus channel.  The convolution of the original spectrum with the filter is referred to 
as the “square wave convolute” (SWC) spectrum.  A key advantage of a symmetric zero-area digital filter 
is that by construction, it removes background components varying linearly with energy.  Application of 
the filter to a symmetric peak superimposed on a linear background yields a characteristic shape in the 
SWC spectrum.  The central portion of this shape is a quasi-Gaussian peak with (a) essentially the same 
position as the original peak, and (b) amplitude proportional to the area of the original peak.  For a 
Gaussian peak in the original spectrum with standard deviationσ , the intensity enhancement in the SWC 

peak amplitude relative to the original peak amplitude is ≈ σπ2 .  Non-zero curvature in the shape of 
the underlying continuum will distort this simple proportionality between SWC amplitude and original 
peak area, but the relationship is still linear in the presence of a quadratic background component 
[Janssens 1991].  Although a zero-area digital filter is typically used for peak recognition and interference 
detection, Opdebeeck documents efforts to extract peak area information from the amplitude of the SWC 
peak [1975].  In the present application, the SWC technique offers a potentially attractive alternative to 
nonlinear fitting (i.e., Gaussian + polynomial background) of the original spectrum:  The location of the 
186-keV peak in the SWC spectrum is easily determined by pattern recognition (see for example Figure 
2), so that the method can be robust against spectrometer gain drift. 
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Figure 2.  Illustration of the square-wave convolute method on two UF6 spectra recorded from 30B 
cylinders with a NaI(Tl) spectrometer.  The SWC effectively removes the constant and linear 
components of the underlying continuum. 

2.1.1 Peak Area Extraction: SWC Algorithm Implementation 

The peak area extraction algorithm adopted for the current work involves application of a discrete 
form of the so-called square-wave filter [Opdebeeck 1975; Janssens 1991] to the pulse-height spectra 
collected with the NaI(Tl) or LaBr3(Ce) spectrometers.  Figure 3 illustrates the shape of the digital filter, 
g(t), which is fully described by a single width parameter, M.  The variable t (and, similarly, τ in the 
convolute spectrum discussed below) labels channel number in the pulse-height spectrum.  The filter is a 
symmetric function of t and has zero total area.  In its continuous form, the filter can be described via 
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where R(τ) is the convolute spectrum.  

In an actual pulse-height spectrum, the channel index, t, is a discrete variable.  It is convenient to 
generalize slightly the convolute definition in order to account for sampling of a finite number of discrete 
channels.  (In essence, we must take into account the fact that discontinuities in the discrete filter shape 
occur over a finite distance in terms of the continuous spectrum variable, t, in contrast to the infinitely 
sharp discontinuities defined in Eq. (1).)  Starting with the continuous-variable filter function g(t) and 
restricting M to integer values, we define 

12
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=
∑
−=

M
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A

M

Mt                                                                           (3) 

for M either even or odd, and the discrete-variable filter function is then defined via 

Atgtg −≡ )()(~ .                                                                      (4) 

Note that by construction the modified filter satisfies 
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i.e., it is a “zero-area” (or, more precisely, a zero-sum) filter for the discrete channel set {-M, -M+1, …, 
M-1, M}.  The convolute R(τ) in the discrete case is then defined in a manner analogous to (2) for the 
continuous case, 
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We note in passing that (6) amounts to a linear combination of the contents of 2M + 1 original pulse-
height spectrum channels.  The standard deviation of the convolute in bin τ is thus readily computed in 
terms of the standard deviations of the original pulse-height spectrum’s channel contents via 
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Figure 3.  Square wave filter shape for M = 6 

Figure 4 illustrates the effect of applying the discrete square-wave filter defined in Eq. (4) to a simple 
“toy” spectrum consisting of a pure Gaussian peak superimposed on a linear background.  This example 
clearly expresses key qualitative features of the convolute spectrum : 

• The linearly-varying background portion of the raw spectrum was effectively filtered out, 
yielding a flat baseline. 

• A characteristic positive-going central peak plus negative-going side “troughs” has replaced the 
Gaussian peak.  The position of the central peak of the convolute spectrum essentially coincides 
with the position of the Gaussian in the original spectrum.  The positions of the two side-troughs 
roughly demarcate the points in the original spectrum at which the Gaussian peak returns to the 
level of the linear background component. 
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Figure 4.  Illustration of effect of square-wave filter on a simple “toy” spectrum consisting of a Gaussian 
peak superimposed on a linear background 

An important property of the square-wave filter for the purposes of the current work is the correlation 
between the amplitude of the convolute peak and the area of the (Gaussian) peak in the original spectrum.  
Adopting a slightly modified form of the notation in Janssens [1991], we denote the Gaussian “signal” 
peak by S(t), the background continuum by B(t), and the total pulse-height spectrum by D(t): 
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where I0, t0, and σ refer to the amplitude, position, and standard deviation of the Gaussian peak, 
respectively, and the background (assumed to have at most a quadratic dependence on channel number) is 
described by a polynomial with coefficients bi, I = 0, 1, 2.  Janssens [1991] shows that  for the continuous 
version of the square-wave filter (as defined in Eq. (1) and (2)), the convolute spectrum of D(t) takes the 
form 

3
200 2

1),,;(2)( MbMtFIR −= στσπτ                                                     (9) 

where the function F can be expressed analytically in terms of a sum of error functions.  F is independent 
of the amplitude, I0, of the Gaussian peak and reaches its peak value at τ = t0, showing that (in the 
continuous case, at least) the position of the convolute peak coincides with the position of the original 
Gaussian peak.  Comparing (9) to the area (i.e., total counts) of the Gaussian peak,  

σπ 02 ICtot =                                                                             (10) 
we find that the amplitude of the convolute peak, R(t0), furnishes a metric of the counts in the Gaussian 
peak via 
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In the absence of a quadratic background term (i.e., b2 = 0), the amplitude of the convolute peak is 
simply proportional to the area of the Gaussian peak, with constant of proportionality F~ .  This factor 
approaches unity asymptotically as the filter width M  ∞ at fixed Gaussian width, σ.  The effect of a 
quadratic background component (i.e., non-zero curvature in the background as a function of channel or 
energy) according to Eq. (11) is to reduce the amplitude of the convolute peak relative to the linear-
background case. 

2.1.2 Peak Area Extraction: Initial Testing of SWC Algorithm 

In preparation for application of the SWC algorithm to actual spectra recorded from UF6 cylinders, 
we performed initial computational evaluations of several candidate peak-area algorithms as applied to 
simple synthetic spectra.  The primary goals of these early tests were (1) to verify reasonable behavior of 
the discrete form of the square-wave filter in an easily-interpretable spectroscopic analysis context, and 
(2) to provide an initial assessment of accuracy and precision of the SWC method in comparison to other 
candidate peak-area extraction techniques.   

The method we adopted for initial testing consisted of synthesizing a set of N (with N >> 1) Poisson-
blurred, simple single-peak spectra and applying the peak-area algorithms to each spectrum in the set.  
We recorded the mean and standard deviations of the peak areas thus determined over the pseudo-
spectrum population for each candidate peak-area method.  The pseudo-spectra consisted of a single 
Gaussian peak superimposed on a smooth, quadratic polynomial background.  We determined the 
background parameters by fitting the high-energy edge immediately above the 186-keV region of a 
typical Areva “background” measurement, recorded from a gravel-filled weight standard cylinder.  The 
ratios of the linear and quadratic coefficients to the constant term in the background polynomial were 
b1/b0 = -0.012 and b2/b0 = 3.9 × 10-5, respectively.  This crude background shape was intended to roughly 
represent relevant background intensities and curvatures in the vicinity of this important energy region 
without necessarily reproducing in detail the background curvature directly underneath the 186-keV peak.  

Evaluation of peak-area algorithm accuracy and precision will, in general, depend upon the model 
parameters that are allowed to vary freely in describing a sample spectrum.  In these initial investigations, 
we assumed that the position and standard deviation of the Gaussian peak were known, while the 
amplitude of the Gaussian (and, if relevant to the algorithm, the polynomial background parameters) was 
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determined in the spectrum analysis.  These are probably the least demanding analysis criteria in terms of 
algorithm performance and robustness that are still capable of yielding a meaningful test.  We evaluated 
three peak-area algorithms:    

1. Compute the convolute of the pseudo-spectrum using the discrete-filter SWC method, then 
determine the best-fit amplitude of the Gaussian peak required to match the trial convolute shape 
by varying the amplitude, processing the resulting (digitized) Gaussian shape with the square-
wave filter, and matching this “theoretical” convolute shape against the trial spectrum’s convolute 
(in a bin-wise χ2 sense).  With the optimum Gaussian amplitude thus determined, and given the 
known Gaussian σ, we can compute the area of the peak. 

2. Fit the pseudo-spectrum with a Gaussian peak + polynomial background fitting function, then 
determine the Gaussian peak area from the best-fit amplitude and known σ.   

3. Draw a simple “baseline” under the peak from the background channels at the upper- and lower-
energy extremes of the peak (chosen to lie at 4σ from the peak position), then subtract a linear 
background function from the foreground (background + peak) spectrum.  Summing the resulting 
net spectrum over the region-of-interest defined by the endpoint background subtraction channels 
then directly yields the peak area. 

In these preliminary tests, algorithms (1) and (2) performed very similarly for sets of N = 105 pseudo-
spectra at Gaussian peak areas on the order of 30,000 to 40,000 counts (compared to integrated 
backgrounds of about 120,000 counts, i.e., signal/background ~ 1:4).  No statistically-significant bias in 
the reconstructed peak area was discernible for either (1) or (2), and the standard deviation in the 
reconstructed area was larger than that expected on the basis of Poisson counting statistics for the 
(isolated) Gaussian peak by a factor of approximately 2 to 3.  (This is due at least in part to variance in the 
apparent peak counts contributed by the Poisson blurring of the background.)  The simple baseline 
technique was found to be the most susceptible to peak-area bias when the peak rides on a “concave-
upward” quadratic background, as the linear baseline assumed in the background subtraction tends to 
over-predict the background underlying the peak.  This effect was on the order of 5% for the spectrum 
analysis case examined.  The standard deviation in the reconstructed area was also roughly twice as large 
for the baseline-subtraction method relative to methods (1) and (2), presumably because only two 
channels (one background channel each at the low- and high-energy extremes of the peak) were used to 
determine the baseline. 

A more rigorous and demanding set of algorithm tests would relax the assumptions of known peak 
position and energy width and consider a wider range of injected peak areas and shapes, background 
curvatures, signal/background ratios, and SWC filter widths.  A comprehensive head-to-head comparison 
of algorithm performance must also involve application to sets of realistic spectra recorded from actual 
UF6 cylinders (or, at least, pseudo-spectra populations synthesized from either empirical or modeling-
based templates that reflect reality with reasonable fidelity).  However, we deemed the results of these 
initial investigations to be sufficiently promising to warrant further investigation of the SWC method as 
the peak-area extraction ingredient in the traditional enrichment-meter algorithm.    
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2.1.3 Application of the SWC to the Enrichment Meter Algorithm 

We applied the discrete form of the square-wave filter to the traditional enrichment meter analysis of 
the 186-keV peak region in UF6 cylinder data recorded at AREVA in April and May of 2009.  In broad 
outline, analysis of the spectral data for a given spectrometer consists of the following steps:  

1. Energy calibration

Figure 6

:  For the LaBr and 7.6 × 7.6 cm NaI spectrometers, the channel positions of the 
186-keV, 766-keV, and 1001-keV peaks are determined by a “conventional” spectrum analysis 
approach consisting of a fit to the local peak region with a Gaussian peak + polynomial 
background function.  (We note here for completeness that, for the large 5 × 10 × 20 cm NaI 
spectrometer, the energy calibration was extended to span the 3-MeV to 8-MeV high-energy 
signature region by including the 7.6-MeV peak region (see ) and, when visible, the 
2614-keV peak.)  In this sense, the spectrum analysis procedure applied to the AREVA data is not 
completely decoupled from conventional fitting techniques, although the energy calibration 
approach described here could be adapted readily to consume peak positions derived from the 
convolute spectrum, rather than from fits to the raw spectrum.  For the NaI spectrometer, a linear 
fit to the peak positions as a function of energy then suffices to provide a reliable energy 
calibration (“reliable” in that the 186-keV peak in the convolute spectrum can be correctly 
identified in all product-, natural-, and depleted-uranium cylinders measured in the 2010 AREVA 
campaigns).  Significant nonlinearity observed in the LaBr spectrometer’s peak-position set 
required use of a quadratic “fit” to the three peaks to preserve reasonable fidelity in the high-
energy end of the calibrated energy spectrum (e.g., for purposes of comparing the MCNP model to 
data; see Section 7.0).  However, the calibrated energy of the 186-keV peak was found to be only 
weakly dependent on the fit order for the LaBr spectrometer, so that a linear fit would have 
sufficed for the purpose of implementing the enrichment meter algorithm. 

2. Calculation of the SWC for each spectrum, identification of convolute peaks and determination of 
the convolute peak amplitude for the 186-keV peak

2.1.1
:  We calculate the SWC spectrum from the 

raw spectrum using the formulae outlined in Section  above.  Peaks in the convolute spectrum 
are identified using a simple crest-above-threshold algorithm that determines the positions 
(expressed in channel units) of local maxima above a user-specified threshold.  Of primary interest 
in this peak-selection algorithm is the survival of the 186-keV peak as a “candidate” for the next 
stage of peak identification.  In practice, we found that it was possible to specify a single 
convolute threshold (specific to the spectrometer, i.e., one for LaBr and one for the 7.6 × 7.6 cm 
NaI) that assured selection of the 186-keV convolute peak over the full range of measured 
{product, natural, depleted stock} cylinders recorded in the 2010 AREVA campaigns.  With a set 
of candidate peaks in hand, and the energy calibration as determined in step (1) above, the 
identification algorithm then determines the peak that most closely matches the energy of the 
186-keV peak of interest.  The software implementing our algorithm aborts the analysis if, in fact, 
no peak matching the target 186-keV energy (to within a small user-specified tolerance) can be 
found.  The amplitude of the 186-keV convolute peak is then determined simply by recording the  
convolute value in the peak channel.  We can envision more sophisticated convolute peak analysis 
techniques, e.g., a fit to the full convolute peak region exploiting the known analytical shape of the 
convolute for a Gaussian input-spectrum peak.  For these feasibility investigations, however, we 
adopted essentially the simplest possible approach to meaningfully implement the convolute-based 
approach. 
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3. Determination of the enrichment-meter calibration curve

9.0

:  For a given spectrometer, we then 
determine the enrichment calibration curve by fitting a line to the set of 186-keV convolute peak 
amplitude values (with associated statistical uncertainties derived from Poisson counting statistics 
in the raw input spectrum) as a function of the declared enrichment.  We can then easily determine 
the enrichment of a sample cylinder relative to this calibration curve from an observed convolute 
peak amplitude simply by inverting the linear fit.  We note in passing that strict linearity of the 
calibration curve is not a prerequisite for implementing the enrichment-meter technique (or, 
indeed, an arbitrary assay method that relies on the correlation of some physical observable with 
the isotopic content of the sample).  To date, only linear calibration curves have been applied to 
the analysis of the convolute-based approach to the enrichment-meter method.  However, the 
possibility of accounting for small departures from linearity with a quadratic, or higher-order, 
calibration curve may warrant future investigation as the method matures.  These departures may 
be especially evident at low enrichment, where curvature in the background distribution as a 
function of energy may noticeably impact the “first-order” convolute amplitude metric described 
in step (2) above.  See further discussion of possible strategies to mitigate background curvature 
effects in Section  below. 

4. Calculation of the relative standard deviation of the assay results with respect to the declared 
enrichments

5.0

:   The primary statistical metric adopted in this project to summarize dispersion of the 
enrichment calibration results is the standard deviation of the relative, or fractional, difference of 
assayed enrichments from declared.  In general, this standard deviation may be computed for a 
different subset of the overall population of cylinder measurements than was used to determine the 
calibration curve.  For example, one may analyze the set of all relevant {product, natural, 
depleted} cylinder measurements in a given field campaign to determine the calibration curve, and 
then separate relative standard deviations computed for the product, natural, and depleted sub-
populations.  We adopted this approach for results quoted in Section . 

2.2 Non-Traditional High-Energy Gamma Rays as Indirect Measure of 
235U 

Walton [1974] and Reilly [1974] previously studied the potential use of total neutron count rate as a 
means of determining UF6 enrichment but this signature is not currently used in IAEA verification 
measurements.  Neutron-based signatures are attractive because of the high penetrability of neutrons from 
the interior of the cylinder volume to the outside wall.  The fraction of neutrons escaping the cylinder wall 
ranged from 0.80 to 0.90 in previous studies [Walton 1974], with weak dependence on the cylinder 
enrichment and fill level.  Berndt [2010]also discusses the impact of fill volume and the configuration of 
the UF6 within the cylinder on neutron signatures . 

The primary source of neutrons from product cylinders is 19F(α,n) reactions, with the dominant alpha 
emitter being 234U for all enrichments above natural.  Sources of neutrons other than 234U include 238U 
spontaneous fission and alpha emission, and induced fission in 235U.  Figure 5 plots the relative 
contributions of neutron source terms for 30B cylinder enrichments ranging from depleted (0.2 wt% 235U) 
to the Type 30B limit of 5 wt% 235U.  In these calculations, we used SOURCES 4C [Wilson 2002] to 
determine the yield (and spectral shape) of the (α,n) and spontaneous fission neutron production from 234U 
and 238U.  The (α,n)  yields from UF6 were 602 neutrons/s/g 234U and 0.0119 neutrons/s/g 238U.  We 
calculated the 238U spontaneous fission to be 0.0136 n/s/g 238U.  We ignored the 235U contributions (i.e., 
(α,n), spontaneous fission and induced fission) in the Figure 5 calculations because they are negligible in 
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comparison to 234U and 238U contributions, over this enrichment range [Reilly 1991].  We took the density 
of the UF6 to be 5.1 g/cm3 and assumed a 30B cylinder to be filled to 60% of its total volume, consistent 
with mass limits for that cylinder type [American National Standards Institute 1995].  The 234U/235U ratio 
varied with enrichment according to calculations performed by Fischer for a modern gaseous centrifuge 
enrichment plant (GCEP) [Fischer 2005] and consistent with environmental samples taken from an 
operational GCEP [Cooley 2000].  

 

Figure 5.  Calculated neutron production rate in a Type 30B cylinder.  The 234U is the dominant source 
term for alpha particles and subsequent neutrons (i.e. 19F(α,n)) above approximately 0.5 wt% 
235U.  The 238U (alpha emissions combined with the 19F(α,n) reaction) and spontaneous fission 
source terms are approximately equal over all enrichments and are summed in this figure.  We 
ignored 235U contributions here since they are comparatively insignificant. 

Figure 5 shows that 234U alpha emission (combined with the 19F(α,n) reaction) is the predominant 
source of neutrons above enrichments of approximately 0.5% and that total neutron production rate varies 
linearly between approximately 3 × 104 and 5 × 105 n/s over an enrichment of 0.2% to 5%.  The neutron 
production rate from 238U is relatively stable for cylinders in the enrichment range studied here (up to 5% 
235U), as the total mass of 238U changes by less than 5% over that range.  These results for relative 
contributions and total production rate are consistent with previous calculations and measurement results 
[Reilly 1991; Walton 1974; Reilly 1974].  Previous studies have indicated that the linearity of the neutron 
production rate will not be preserved for enrichments greater than 20% due to neutron multiplication with 
235U fission. 

The neutrons produced in the UF6 interact in the UF6 itself, surrounding steel cylinder and adjacent 
structural materials, as well as in materials in close proximity to gamma-ray spectrometers.  Those 
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interactions (e.g., inelastic scatter and neutron capture) can induce high-energy gamma-ray signatures that 
extend to energies greater than 10 MeV.  Prominent among these, due to the large volume of steel in the 
cylinder assay scenario, are the 7.631-MeV (100%) and 7.645-MeV (86%) lines from neutron capture 
reactions on 56Fe (91.8% natural abundance).  The steel wall of the cylinder and steel (or other materials) 
located near the gamma-ray spectrometers, therefore, serve as neutron-to-gamma-ray converters.  

This high-energy gamma-ray signature is useful for several reasons.  First, it allows exploitation of a 
neutron signature without dedicated neutron sensors, thereby simplifying system design and reducing 
cost—particularly advantageous with the current shortage of 3He.  Second, the goal of full-volume assay 
is achieved by virtue of the penetrability of the neutrons (escape fraction from the UF6 volume of greater 
than 80%) that induce the gamma rays.  Finally, the high-energy gamma-ray signature is well above the 
energy range of the more familiar emissions from UF6 (e.g., 1001 keV from the 234mPa daughter of 238U 
and 2614 keV from 208Tl, daughter of 232U) and essentially all natural background source terms (e.g., 
2614 keV from 208Tl, daughter of 232Th).  Though these high-energy gamma rays are considerably more 
penetrating than the 185-keV and 1001-keV often associated with UF6 assay, they are still unable to 
penetrate through any significant distance of UF6 relatively to the 76 cm diameter of the 30B cylinder: the 
mean free path of an 8-MeV photon in UF6 at 5.1 g/cm3 is approximately 4 cm.  Consequently, a gamma-
ray spectrometer on one side of the cylinder sees little or no contribution from neutron-induced gamma 
rays produced by the wall on the far side of the cylinder. 

Because the full-energy efficiency for 8 MeV gamma rays in practicable scintillator crystal sizes (i.e., 
100 cm3 or less) is quite low, the majority of recorded counts are from Compton scatter or pair 
production, followed by escape of one or more of the annihilation photons.  Therefore, we used an energy 
window of approximately 3.0 to 8.0 MeV in this work to tally gamma-ray counts attributed to neutron 
emission from the cylinder.  While measurements and modeling indicate that this region of interest is 
dominated by the emission doublet at 7.631 and 7.645 MeV from capture in 56Fe, other lower-intensity 
gamma rays produced by neutron interactions in iron and other structural materials may also contribute.  

The overall intensity of the high-energy gamma-ray signature, and therefore the assay time required 
to achieve the desired uncertainties, is dependent on the volume of steel (or other converter materials) 
within the spectrometer’s field of view, which could include spectrometer collimator designs engineered 
to facilitate the neutron-to-gamma-ray conversion.  That volume of steel also contributes to the variability 
in the intensity of the signature.  If the volume, elemental composition and geometric configuration of 
steel in the system (i.e., cylinder, trolley, spectrometer collimators) is consistent across cylinder 
measurements, it is possible to preserve the desired proportionality between neutron flux and neutron-
induced gamma-ray flux. 

Utilizing this neutron-derived signature as an indirect measure of 235U requires that the 234U/235U ratio 
be known.  Work by Richter et al. indicates that this is generally true for natural-uranium feed material 
(~5% variation in the ratio), based on mass spectrometry measurements of various uranium ore samples 
from around the world [Richter 1999].  Other studies have indicated that the isotopic ratio may vary 
significantly with enrichment process, particularly for enrichments above 5 wt% 235U [Reilly 1991; Reilly 
1974].  However, the variation of the ratio within a multiple-cascade GCEP is relatively low, according to 
the analysis of environmental samples described in [Cooley 2000].  These studies provide some support 
for the assertion that under assumptions of ore-based feed and a facility-specific calibration, the non-
traditional signature can be a reliable measure of cylinder enrichment.  
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Some enrichment-industry practices, however, may violate these assumptions.  For example, modern 
enrichment plants, depending on the price of uranium, may also recycle tails as feed material, potentially 
altering the 234U/235U ratio in the product cylinders.  Yet another potential source of variation in this ratio 
is the use of reactor-recycle uranium.  Section 8.2 discusses the potential impacts of 234U/235U ratio 
variation on the hybrid (i.e., traditional + non-traditional) NDA methods in more detail. 

Figure 6 illustrates a comparison of how gamma-ray signatures present themselves in different types 
of gamma-ray spectrometers.  The small handheld HPGe, typical of today’s IAEA instruments, has a 
lower peak-to-total ratio at energies above a few hundred keV, and has virtually no collection efficiency 
above 2 MeV.  The 120% HPGe has much improved high-energy efficiency and reveals the 56Fe neutron 
capture lines in the 7.6-MeV region.  The two NaI(Tl) sensors have much higher overall collection 
efficiency, higher peak efficiency above a few hundred kiloelectron volts, and have sufficient stopping 
power to detect signatures ranging to 8 MeV. 

7.631 MeV
7.645 MeV

186 keV

1001 keV

Cylinder: EURO357, 4.95%

“Non-Traditional” neutron detection 
w/o neutron detectors

“Traditional”
Enrichment Meter

Figure 6.  Spectra recorded by two large NaI(Tl) spectrometers and two HPGe spectrometers from a 30B 
cylinder enriched to 4.95%.  The higher interaction efficiency of the NaI(Tl) enables the collection of 
neutron-induced high-energy signatures.  In this work, that signature is defined with a window between 
3.0 and 8.0 MeV (yellow box). 
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3.0 Field Prototype  

An instrumentation prototype was developed for cylinder measurements that could be used to support 
an evaluation of the hybrid NDA methods described above.  The prototype (see Figure 9) includes two 
small-volume and one large-volume spectrometer.  

The smaller spectrometers are a 3.8 × 3.8 cm LaBr3(Ce) (hereafter, “LaBr”) and a 7.6 × 7.6 cm 
NaI(Tl) (hereafter, “NaI”).  The energy resolutions of the LaBr and 7.6 × 7.6 cm NaI were 2.4% and 6.5% 
at 662 keV, respectively.  Ideally, these two spectrometers would simultaneously record both the low- and 
high-energy signatures.  Achieving this goal, however, creates difficult pulse-processing requirements for 
medium-resolution scintillators.  For example, the LaBr spectrometer has a full-width-at-half-maximum 
(FWHM) of approximately 9 keV at 186 keV.  Faithfully capturing this peak shape for spectrometric 
analysis requires at least four to five channels to span that FWHM [Knoll 2000].  This translates to 
channel widths of 2 keV or less.  If an upper energy limit of approximately 9 MeV is also needed, a 
minimum 12-bit (4096 channels) analog-to-digital converter is required.  While 12-bit (and higher) ADCs 
are available in integrated pulse-processing systems (i.e., preamplifier, digital shaping and high-voltage) 
for HPGe spectrometers, that is not the case for scintillator pulse-processing systems (HPGe-focused 
systems generally cannot provide sufficient current in the high-voltage supply for photomultiplier tubes).  
Time and budget constraints precluded the purchase of pulse-processing electronics that could achieve the 
ideal.  Instead, we utilized Ortec DigiBases (1024 channels) and configured the LaBr and 7.6 × 7.6 cm 
NaI to record a maximum energy of approximately 1300 keV.  In this way, we used them to analyze only 
the low-energy traditional signatures.  

We introduced a third detector to record the high-energy signature, again using a DigiBase bit now 
with a channel width of approximately 9 keV to achieve a maximum deposited energy of about 9 MeV.  
This spectrometer is a 5.1 × 10.2 × 20.3 cm NaI (middle detector) wrapped in an iron/polyethylene 
collimator designed to enhance the conversion of neutrons to high-energy gamma rays.  The iron layers 
are each 0.64 cm thick, while the polyethylene layers are 1.28 cm thick.  In frontal area, this larger 
detector approximates two 7.6 × 7.6 cm NaI spectrometers; in volume, three of those sensors, making it a 
reasonable surrogate for the high-energy gamma-ray signature that would be recorded by an array 
consisting of three 7.6 × 7.6 cm NaI spectrometers, a notional design for the ICVS.  The energy resolution 
of the larger NaI spectrometer is 8.0% at 662 keV. 

3.1 Calibration and Characterization of Gamma-Ray Spectrometers 

Prior to the field measurements, we performed laboratory calibration and characterization 
measurements on the spectrometers.  These measurements included a study of resolution as a function of 
shaping time (Ortec DigiBases, bipolar shaping) and high voltage applied to the photomultiplier tubes, 
with the goal being to identify suitable instrument operating windows (Figure 7, top) [Knoll 2000].  Once 
we identified suitable settings , we used a series of check sources to assess the expected energy resolution 
(relative FWHM) as a function of energy (Figure 7, bottom), in a manner consistent with similar work by 
others [Moszynski 2002; Ciemala 2009; Nicolini 2007; Quarati 2007].   
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Figure 7.  Energy resolution for the LaBr and NaI (7.6 × 7.6 cm) spectrometers as a function of bipolar 
shaping time and high-voltage (top) and incident energy (bottom) at appropriate shaping and 
high-voltage settings 

Due to relatively high count rates expected in the cylinder assay scenario, we made further 
measurements to evaluate the resolution of each detector as a function of incident count rate.  We plotted 
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the recorded count rate against the estimated incident count rate on the face of each detector (see Figure 
8).  These measurements supported design decisions for the field prototype (e.g., collimation choices to 
limit dead time).  Figure 8 (top) shows how the recorded count rate in each detector varies as the incident 
count rate increases and Figure 8 (bottom) shows how the resolution of each detector is affected by the 
increasing rate.  The resolution plots are based on a Gaussian fit of the 137Cs peak at 662-keV and the 
error bars are based on a one-sigma variation in the fit parameter FWHM.  The relatively large error bars 
and scatter in the resolution data at count rates below approximately 5 × 103 cps are due to the fairly poor 
counting statistics of those experiments (weak source located approximately 100 cm from the 
spectrometers).  
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Figure 8.  Top: Observed count rate as a function of the incident count rate.  Bottom: Energy resolution at 
662-keV as a function of incident count rate.  

The data in Figure 8 follow the trends expected for these particular medium-resolution scintillators.  
The NaI and LaBr recorded count rates are comparable since both used bipolar shaping with comparable 
time constants (1.00 µs for LaBr; 1.25 µs for NaI).  However, because of the longer scintillation light 
decay time in NaI, we observe that the increasing count rate on energy resolution degrades at lower rates 
in this crystal than for the LaBr, which has a shorter scintillation decay time [Smith 2010].  At the rates of 
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interest to this project, generally less than 1 × 105 cps, both spectrometers exhibit predictable recorded 
count rate behavior and relatively stable energy resolution (less than 10% relative change).   

3.2 Collimation and Neutron-to-Gamma Converters 

We fabricated and utilized two different collimator types in order to address two research questions:  

1. What traditional-assay performance can be realized with a collimator design focused on collecting 
only the low-energy signatures?  For these measurements and analysis, we surrounded the two 
spectrometers with cylindrical lead collimators with a wall thickness of 2.2 cm and aperture 
diameters of 5.1 cm and 7.6 cm for the LaBr and  (7.6 × 7.6 cm) NaI, respectively.  

2. What traditional-assay performance can be realized with a collimator design focused on collecting 
and enhancing the non-traditional high-energy gamma-ray signatures?  For these measurements 
and analysis, we surrounded the two spectrometers with cylindrical collimators consisting of 
0.64 cm of steel and 1.28 cm of polyethylene.  This collimator design is intended to enhance the 
high-energy gamma-ray signature by moderating neutrons in the vicinity of the detector and 
providing an iron conversion layer.  This collimator also included a lead aperture on the front face 
(0.64-cm thick) and 0.32-cm lead wrapped around the outside of the polyethylene.  This lead 
structure provides substantial collimation of the 186-keV (less than 0.1% uncollided penetration 
through 0.64 cm of lead) while minimizing the attenuation of the 7.6-MeV gamma rays (less than 
3% attenuation at 0.64 cm).  The lead aperture diameters were 5.1 cm, and 7.6 cm for the LaBr 
and (7.6 × 7.6 cm) NaI, respectively.  
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Figure 9.  Left: Field demonstration prototype that includes collimated three 8 × 3.8 cm LaBr and 
7.6 × 7.6 cm NaI spectrometers, and a 5.1 × 10.2 × 20.3 cm NaI (middle detector) wrapped in 
layers of iron and polyethylene.  Right: Lead (top) and Fe/poly (bottom) collimator designs 
used for the LaBr and 7.6 × 7.6 cm NaI spectrometers.  The Fe/poly cylindrical collimator 
(with lead end cap aperture) is intended to enhance the high-energy gamma-ray signature. 

The field prototype system also includes two polyethylene slabs (2.5 × 30 × 122 cm) intended to 
reflect neutrons emitted by the cylinder back toward the cylinder (see Figure 9), thereby increasing the 
neutron to high-energy gamma-ray conversion process.  MCNP modeling showed that the Fe/Poly 
collimator increased the high-energy gamma-ray signature (counts summed between 3.0 to 8.5 MeV) by 
approximately 19% over the bare detector case, and that the polyethylene fence provided an additional 
16% increase.  Together, the two design features translate to a 38% increase in the intensity of the non-
traditional signature and a commensurate improvement in the statistical precision that can be realized for 
a given assay time (e.g., 5 minutes).  
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4.0 Field Measurements 

PNNL performed a cylinder measurement campaign at an AREVA NP fuel fabrication plant in 
Richland, Washington.  We used the Fe/poly collimators on all three spectrometers to measure the 
cylinder population that is the focus of this paper.  The 26 cylinders consisted of 23 product (2 to 5 wt% 
235U), 2 natural enrichment (0.711 wt% 235U), and 1 depleted (approximately 0.2 wt% 235U) cylinder.  We 
also measured several highly enriched uranium (HEU)-downblend and partially filled cylinders during the 
campaign were, but they were not included in the predictions of performance for the ICVS NDA methods 
on the premise that the potential of the NDA methods first needs to be understood for the cylinder types 
most likely to be encountered in IAEA verification scenarios (i.e., ore-based feed and cylinders filled to 
capacity).  Figure 10 shows a photograph of the experimental setup at the AREVA plant is shown in and 
Figure 11 gives example cylinder assay spectra. 

We took background measurements (approximately 45 minutes) with a cylinder-weight standard 
(filled with gravel) on the trolley system so that the recorded background incorporated the shielding that 
the cylinder being interrogated provides from the nearby field of UF6 cylinders.  We subtracted the 
background count rates (186-keV peak region for the traditional, 3.0- to 8.0-MeV window for the 
nontraditional) from the measured cylinder data as a part of the analysis described in the next section.   
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Figure 10.  Photographs of experimental setup at AREVA NP fuel fabrication facility 
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Figure 11.  Example spectra recorded from a 30B cylinder enriched to 4.4 wt% 235U.  Left: 3.8 × 3.8 cm 
LaBr and 7.6 × 7.6 cm NaI for energies to 1.2 MeV.  Right: 5 × 10 × 20 cm NaI for energies 
to approximately 8 MeV. 

The AREVA cylinder population not only spans a wide range of enrichments, but is also diverse in 
terms of the enrichment facilities that produced the cylinders.  Enrichment providers included Urenco, 
USEC, Eurodif and Ural Electrochemical Integrated Plant.  The diversity of enrichment feeds, sources 
and processes in the AREVA cylinders presented a relatively difficult test case for the non-traditional 
assay methods that assume a known 234U/235U ratio and would utilize a facility-specific calibration. 
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5.0 Results: Cylinder Assay 

As discussed previously, initial development of ICVS NDA methods assumes a facility-specific 
calibration and ore-based feedstock.  Consequently, HEU-downblend cylinders are not included in this 
analysis, nor are partially-filled cylinders.  The potential for the assay of cylinders produced from other 
feedstock (e.g., tails recycle, reactor recycle and HEU-downblend) and partial cylinders is a subject of 
ongoing investigation and work to date is summarized in Section 8.0.    

The following text and figures give enrichment assay results using the 26-cylinder population 
described previously.  In this analysis, the figure of merit for assay accuracy is the relative standard 
deviation of the assay enrichment values (either in mass or wt% 235U) relative to the declared values for 
each cylinder.  Linear calibrations translate the intensity of the assay signature to a corresponding 235U 
mass (or enrichment) value.  

5.1 Traditional Assay 

Figure 12 shows the assay results for the traditional enrichment meter method implemented using the 
SWC algorithm for the extraction of net peak count rate for the LaBr and the 7.6 × 7.6-cm NaI 
spectrometers, with the Fe/poly collimator/converter design.  The live times were 400 seconds for the 
LaBr and 300 seconds for the NaI.  The one-sigma error bars in these plots reflect only the statistical 
counting uncertainty (not the systematic uncertainty in the fitting algorithm) in the net peak count rate.  
This statistical uncertainty is significantly less than the overall standard deviation for nearly all of the 
cylinders, as expected, since systematic uncertainties such as wall-thickness variation and nonlinear 
continuum subtraction are generally the largest source of uncertainty in the traditional enrichment-meter 
approach.  

The relative standard deviations from the declared 235U enrichments for the 23 product cylinders are 
3.1% for LaBr and 3.5% for NaI; for the two natural-enrichment cylinders, 9.4% for LaBr and 7.9% for 
NaI; for the depleted cylinders, 11% for LaBr and 13% for NaI.  The LaBr and NaI performance is 
comparable over the entire enrichment range (0.2 to 5.0 wt% 235U), but the number of natural and 
depleted cylinders is very limited.  

While the Fe/poly collimator design is the more appropriate for a hybrid enrichment assay station also 
collecting the non-traditional signature, comparison with the results from the lead collimator design used 
in the April 2010 measurements provides indication of how the traditional enrichment meter performance 
is compromised by using a collimator designed to enhance the non-traditional signature.  For the lead 
collimators, the relative standard deviations from the declared 235U enrichments for the 16 product 
cylinders are 3.2% for LaBr and 3.8% for NaI.  As with the Fe/poly case, the LaBr and NaI performance 
is comparable and the difference between the two collimators’ configurations is relatively small.  
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Figure 12.  Assay enrichment versus declared enrichment using the traditional enrichment-meter method 
and a square-wave convolute algorithm for the calculation of net count rate in the 186-keV 
peak: LaBr (Top) and NaI (Bottom).  The analysis data set spans 26 full cylinders (0.2 to 5 wt 
% 235U) but does not include the HEU down-blend cylinders (red data points).  The one-
sigma error bars reflect only the statistical counting uncertainty in the assay enrichment.  
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5.2 Non-Traditional Assay 

Figure 13 illustrates the assay results for the high-energy gamma-ray signature for the same 26-
cylinder population used in the traditional analysis.  A linear calibration based on the background-
subtracted count rate in a high-energy window spanning from 3.0 MeV to 8.0 MeV was used to calculate 
the assay value for absolute 235U mass.  The high degree of linearity in the assay and declared values for 
235U mass supports the hypothesis of a predictable 234U/235U ratio for this cylinder population, even 
though the calibration was produced from cylinders produced by multiple vendors and is therefore not 
“facility-specific.”  The relative standard deviation of the assay relative to the declared 235U mass is 3.7% 
for the 23 full product cylinders, 4.9% for the two natural-enrichment cylinders and 32% for the single 
depleted cylinder.  

 

Figure 13.  Assay values for 235U mass versus declared 235U mass using the non-traditional high-energy 
gamma-ray signature.  HEU downblend cylinders are plotted but are not included in the 
uncertainty estimates: 3.7% for product cylinders and 4.9% for natural enrichment.  The non-
traditional signature interrogates the entire cylinder volume and assays absolute 235U mass, 
rather than a localized, relative enrichment level. 

As described in Section 2.2, there is an approximately constant neutron emission contribution from 
238U over product cylinder enrichments to 5 wt% 235U.  We can estimate this contribution from the zero 
offset of the calibration line that is used to translate the high-energy count rate versus declared 235U mass.  
A 238U contribution to the non-traditional signature for each cylinder can then be estimated using the total 
declared UF6 mass, a quantity that is given in the vendor’s cylinder declarations.  For example, a cylinder 
filled to 30% of the weight limit will have 238U neutron emissions that are approximately 30% of a full 
cylinder.  To first order, this 238U correction can be invariant with enrichment level because 238U is at least 
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95% of the declared uranium mass (for enrichment of 5%).  We completed proof-of-principle calculations 
for the removal of the 238U spontaneous fission source term in FY10 and were reasonably effective at 
achieving accurate estimates of 235U mass in the four partially-filled cylinders measured during the April, 
2010 AREVA measurements.  These results support the assertion that a neutron-based non-traditional 
signature can achieve true full-volume assay and can therefore be sensitive to both material diversion 
scenarios and UF6 heterogeneity (e.g., in tails cylinders).  This very preliminary investigation will be 
continued in FY11.   

5.3 Hybrid Assay 

Figure 14 provides a graphical comparison of non-traditional and traditional assay results for the 26-
cylinder population.  Previous analysis has indicated that there is a low degree of correlation in the 
measurement uncertainties of the traditional and non-traditional methods, presumably because the 
traditional uncertainty is dominated by wall thickness variations and continuum subtraction errors while 
the non-traditional uncertainty is dominated by variation in the 234U/235U ratio [Smith In press].  For the 
26-cylinder data set analyzed in this work, the measurement uncertainty data confirm that previous result 
and show a low degree of correlation (normalized correlation value of 0.049 where -1.0 is perfectly anti-
correlated and 1.0 is perfectly correlated).   

 

 

Figure 14.  Comparison of non-traditional (high-energy gamma) and traditional (186-keV) assay of 26 
cylinders over a range of 235U enrichment.  The standard deviations of the non-traditional and 
traditional assay of product cylinders are 3.7% and 3.5%, respectively.   
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To evaluate the potential viability of a hybrid method, we combined the traditional (3.5% uncertainty) 
and non-traditional (3.7% uncertainty) assay results using a simple average.  (Equal weighting is a logical 
starting point for the hybrid method, but more sophisticated weighting schemes may prove advantageous 
in terms of accuracy “balance” across product, feed and tail enrichments; see Future Work, Section 9.0.)  
Using this equal weighting, the relative standard deviations for the hybrid method are: 2.5% for the 23 
product cylinders; 4.6% for the two natural-enrichment cylinders; 9.7% for the single depleted cylinder.  
Each of these uncertainties is an improvement over either the traditional or non-traditional method acting 
independently, and all three values are below the IAEA target uncertainties for the respective enrichment 
categories.  

5.4 Results Summary 

Table 2 offers a summary of the results for the traditional, non-traditional and hybrid enrichment 
analyses, and compares it to AREVA’s assay using a fixed-geometry HPGe system and the traditional 
enrichment-meter method.  The AREVA assay system consists of a well-collimated HPGe spectrometer 
(~15% relative efficiency) positioned approximately 5 cm from the outer wall of 30B cylinders (see 
Figure 15).  This fixed-geometry system is calibrated with known standards prior to cylinder 
measurements, and is cryogenically cooled.  The enrichment analysis is based solely on the 186-keV peak 
intensity.  The AREVA cylinder verification system is an important point of comparison because it 
represents best-case performance for an attended (due to need for cryogenic cooling) NDA system.  
Achieving comparable or improved performance with the hybrid methods, suitable for an unattended 
system, would be highly desirable.  
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Figure 15.  Photograph of AREVA’s attended cylinder verification station, consisting of a well-
collimated HPGe spectrometer in a fixed gantry geometry 



PNNL-19854 

30 

Table 2.  Summary of enrichment assay results for a population of 26 Type 30B cylinders: 23 product 
(greater than 2.0 wt% 235U), 2 natural, and 1 depleted.  Results are given in terms of relative 
standard deviation from the declared enrichment values. 

Method Product Natural Depleted 
Approximate Target Uncertainty [Aigner 2001]1 5  10 15 

Traditional HPGe (from AREVA) 3.3 5.2 12 

Traditional LaBr (SWC method) 3.1 9.4 11 

Traditional NaI (SWC method) 3.5 7.9 13 

Non-Traditional NaI 3.7 4.9 32 

Hybrid NaI (simple average) 2.5 4.6 9.7 

 

                                                      
1 The target uncertainties are estimated from the combination of systematic and random errors given in Kuhn and 
should be used only to set the scale of the target uncertainties. 
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6.0 Interim Conclusions: Viability of Hybrid Assay Methods  

Traditional enrichment-meter assay using specially collimated NaI spectrometers and a Square-
Wave-Convolute algorithm can achieve uncertainties comparable to HPGe and LaBr for product, natural 
and depleted cylinders.  The SWC algorithm used in this work, though first-generation, effectively 
extracted the net count rate in the 186-keV peak by removing both constant and linear components of the 
underlying continuum—a large source of uncertainty in the traditional enrichment-meter approach.  
Testing indicated that the SWC algorithm will be relatively insensitive to variations in energy resolution 
and gain drift in an unattended monitoring scenario.    

Non-traditional signatures measured using NaI spectrometers enable interrogation of the entire 
cylinder volume and accurate measurement of absolute 235U mass in product, natural and depleted 
cylinders.  This work confirms and expands prior work by the authors on the viability of the non-
traditional high-energy gamma-ray signatures and the idea of neutron detection without dedicated neutron 
detectors.  Specifically designed iron/polyethylene collimators and neutron reflectors provided a 
significant increase in the intensity of this high-energy signature.  Results presented here indicate that, 
even for cylinders from multiple vendors/facilities, the stability of the 234U/235U ratio is sufficient to make 
the non-traditional metric viable for material ranging from 0.2 to 5 wt% 235U, under assumptions of ore-
based feed.   

A hybrid enrichment assay method can achieve lower uncertainties than either the traditional or non-
traditional methods acting independently, and provides a number of operational advantages.

This work has indicated that the hybrid NDA method has the potential to serve as the foundation for 
an unattended cylinder verification station.  When compared to today’s handheld cylinder verification 
approach, such a station would have the following advantages:  

  There is a 
low degree of correlation in the systematic errors of the two individual methods because the primary 
sources of inaccuracy are different for each.  Consequently, their combination results in lower overall 
uncertainties.  

• Improved enrichment assay accuracy for product, tail and feed cylinders  

• Full-volume assay of absolute 235U mass   

• Assay of minor isotopes (234U and 232U) important to verification of feedstock origin 

• Single instrumentation design for both Type 30B and Type 48 cylinders 

• Redundancy: If one of the NaI sensors in the array fails, the system can remain operational 

• Instrumentation (NaI) and algorithms that are suitable for long-term unattended operation 

• Substantial reduction in the inspector manpower associated with cylinder verification 

When compared to an assay approach using only a non-traditional neutron-based signature (i.e., totals 
neutron counting, not to be confused with the coincidence neutron approach that is capable of direct 235U 
quantification [Menlove In Press]), the hybrid assay methods could offer the following advantages:  
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• Improved resistance to spoofing scenarios.  For example, a totals-neutron assay method (i.e., 
indirect 235U assay) could be spoofed using inert material in the cylinder to achieve the declared 
cylinder mass and a neutron source of appropriate size.  The hybrid method would detect such a 
diversion scenario, on account of the direct (traditional) 235U measurement. 

• Improved detection of anomalous feed material.   If the non-traditional signature intensity is not 
consistent with the direct 235U (traditional) signature, it could be an indication that the feedstock 
to the enrichment plant is different than declared (or expected), or that process conditions have 
changed in a way that warrants further investigation.    
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7.0 Modeling for Cylinder NDA Development 

Researchers have used modeling of the UF6 cylinder assay scenario to support prototype design 
choices and for enrichment algorithm development.  For example, simulation can quickly explore the 
impact of different spectrometer collimation and shielding configurations, but it would be time-
consuming and expensive to do so in the field.  One could also use simulation to generate large libraries 
of “virtual assay signatures” to support algorithm development, over the large parameter space important 
to a viable instrument (e.g., enrichment levels, 232U contamination levels and wall-thickness variation).  

7.1 MCNP Models 

We developed MCNP5 models for five independent source terms: 235U photons, 238U photons, 232U 
photons, 234U(α,n) neutrons and 238U spontaneous fission neutrons, using an assumed decay time  of 
6 months for the generation of photon source terms.  This is a potential source of bias between modeling 
and measurement for the 234mPa lines, since most of the cylinders measured in the FY-2010 AREVA 
campaigns were only 3-4 months old, and 238U/234mPa are not in equilibrium until almost 6 months. The 
MCNP5 transport calculations included the characteristic gamma rays from the various uranium isotopes 
and their daughters and neutron-induced gamma rays (including capture and inelastic scattering in the 
iron walls and UF6 volume itself).  We ignored the decay of fission products from spontaneous and 
induced fission, as well as decay of the 22Na formed from 19F(α,n) reactions.  Each of the five MCNP5 
models produced a “basis vector” for the specific spectral contribution from that source term (e.g., 238U 
and its daughters), on a per-gram basis.  We then combined those basis vectors in appropriate intensities 
to create a virtual cylinder of specific enrichment (e.g., 4.95 weight % 235U) and minor isotope 
concentration (e.g., 200 parts per trillion 232U).  Below we describe the development of the MCNP models 
used to create the uranium isotope basis vectors.  

The measurement scenario modeled in MCNP (see Figure 16) consists of an iron cylinder used to 
approximate a Type 30B shipping container.  The simulated 30B has a diameter of 76.2 cm (30”) with a 
1.27 cm (0.5”) thick wall.  The simulation differs from the actual geometry by having flat, rather than 
round, end caps.  We adjusted the length of the simulated cylinder to preserve the internal cylinder 
volume of an actual 30B.  UF6 occupies the lower 60% of the cylinder volume with a nitrogen atmosphere 
filling the rest.  The cylinder rests on a cart that crudely approximates the AREVA trolley in terms of 
cross-sectional dimensions, but no effort was made to achieve the proper amount or geometry of iron in 
the simulated cylinder, a deficiency that could contribute a negative bias in the predicted intensity of the 
non-traditional signatures. 

The detector array consists of the three gamma-ray spectrometers described previously: 7.6 × 7.6 cm 
NaI, a 3.8 × 3.8 cm LaBr, and a 5.1 × 10.2 × 20.3 cm NaI.  The detector collimation/converter geometry 
is based on the prototype field system configurations used in the AREVA field measurements performed 
in April and May of 2010.  For the April measurements, we employed the lead collimators on the LaBr 
and small NaI, while the large NaI used the Fe/poly converter; for the May measurements, we utilized the 
Fe/Poly collimator/converters on all three gamma-ray spectrometers.  For both of the detector arrays (one 
on each side of the simulated cylinder), there are two 122 × 30 × 2.5 cm polyethylene panels, one located 
above and one below the detectors, to provide neutron reflection back into the cylinder steel wall, with the 
goal of increasing the intensity of the non-traditional signature.  
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Figure 16.  Cross-section of MCNP5 geometry used in the simulation of field measurements at the 
AREVA fuel fabrication plant in April and May of 2010 

MCNP convolves the spectrometer pulse-height tallies (F8 in MCNP) with the Gaussian Energy 
Blurring function in MCNP to mimic the energy resolution of the specific LaBr and NaI spectrometers 
used in the prototype system (as described in Section 3.1).  Figure 17 shows the measured data for energy 
resolution, along with analytic approximations for the energy-dependent resolution, G(E).  We produced 
the analytic approximations by fitting the functional form 

2)( CEEBAEG ++=  

to the measured energy resolution data.  The products of that fitting were values for the constants A, B 
and C required by the GEB function in MNCP.  Table 3 displays the calculated values for A, B and C  for 
each of the three gamma-ray spectrometers.  

Table 3.  Parameters for the MCNP GEB resolution function used in modeling the energy response of the 
three spectrometers deployed at AREVA in April and May 2010.  We determined the 
parameters by fitting measured energy resolution data. 

Coefficient LaBr NaI 7.6 × 7.6 cm NaI 5 × 10 × 20 cm 
A (MeV)  4.16 × 10-3 -1.06 × 10-2 -1.21 × 10-2 
B (MeV1/2) 1.30 × 10-2 7.45 × 10-2 8.76 × 10-2 
C (dimensionless) 3.98 × 10-1 -7.22 × 10-3 8.82 × 10-2 
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Figure 17.  Measured sensor energy resolution data and fits to the data for UF6 cylinder assay portal 
deployed at the AREVA fuel fabrication plant in April and May 2010.   

In order to improve the computational efficiency of the MCNP models used for the characteristic 
gamma rays emitted by 235U, 238U and 232U, we developed a variance reduction approach utilizing shells 
of UF6.  In this approach, we confined the emitting volume to cylindrical shells with a thickness defined 
by the “infinite thickness” for the most prominent gamma-ray emitted by each of the uranium isotopes 
(and daughters): 186 keV for 235U, 1001 keV for 238U (from daughter 234mPa) and 2614 keV for 232U (from 
daughter 208Tl).  We estimated the infinite thickness value for each isotope using a separate MCNP5 
model of comprised of a small cylinder of UF6 with tally volume near one end, as depicted in Figure 18.  
We varied the cylinder’s length and normalized the flux tally results by the emitting volume to determine 
when this normalized flux intensity reached an asymptotic value.  Figure 19 gives an example of those 
results for the 238U; the data indicate that a shell thickness of approximately 10 cm will emulate the 
surface intensity of 1001-keV gamma rays emitted by cylinder filled to capacity with UF6.  The infinite 
thicknesses used for 235U, 238U, and 232U were 3 cm, 10 cm, and 15 cm, respectively. 
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Figure 18.  Schematic of the MCNP5 modeling approach used to estimate an infinite thickness for 
gamma-energies of 186, 1001 and 2614 keV 

 

 

Figure 19.  Example of data from infinite-thickness simulations for the 1001 keV emitted by the 238U 
daughter 234mPa.  Based on this data, one can approximate the gamma-ray flux at the surface 
of a cylinder filled to capacity with UF6 using a 10-cm cylindrical shell.  
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We then normalized the MCNP F8 tally outputs to achieve an isotope-by-isotope emission intensity 
in units of counts per emitted photon, per gram of source isotope.  We calculated the number of photons 
emitted by each isotope by summing the tabulated yields (photons/decay) over all gamma-ray energies 
included in the MCNP source definition for that particular isotope.  

The mass of each isotope in the cylinder is calculated using the declared cylinder fill level (i.e., 
volume of UF6) and enrichment value.  Multiplying the tally results by the declared mass then rectifies the 
mass normalization.  To correct for the reduced emitting volume used in the shell-based variance 
reduction approach, we adjusted the declared mass by the ratio of the volume of the source shell to the 
total fill volume of UF6 in the cylinder.  Figure 20 and Eq. 1 show the geometry and calculations used in 
this final normalization. 

 

Figure 20.  Schematic of the shell geometry used to reduce the variance in MCNP modeling of the UF6 
cylinder assay scenario.  The MCNP tally results were normalized using a volumetric mass 
correction utilizing the parameters x, r and R.  

 

           (1) 

We only used the shell-based variance reduction approach described above for the gamma-only 
MCNP simulations for the characteristic emissions from 235U, 238U and 232U.  We applied no variance 
reduction of this sort to the neutron-gamma MCNP models, however, since the neutrons are highly 
penetrating and neutrons emitted in the center of the UF6 volume have a high probability of escape to the 
outer surface of the cylinder.  We created two different neutron-gamma MCNP models, one with an 
emitted neutron energy distribution defined for (α,n) reactions on 19F and one using a spontaneous fission 
distribution.  We used the MNCP-simulated basis vector for the gamma rays produced by 19F(α,n) 
reactions for both 234U and 238U alpha emission, using different neutron yield normalization based on the 
relative yield of neutrons given by SOURCES 4C simulations (see Section 2.2) for each isotope.  We 
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normalized the MCNP basis vector produced for high-energy gamma rays induced by spontaneous fission 
neutrons by the SOURCES 4C value for the yield (neutrons/g) of spontaneous fission neutrons in 238U.  

The final step in preparing the simulation results for comparison with observed data is to normalize 
by the width of the simulated energy bin, to produce a predicted gamma-ray spectrum with units of 
cps/keV.  Figure 21 gives examples of the simulated basis vectors and aggregate spectra for the LaBr and 
7.6 × 7.6 cm NaI spectrometers viewing a cylinder of 4.4% enrichment (200 ppt 232U).  Figure 22 
similarly illustrates basis and aggregate spectra for the 5×10×20 cm NaI over an expanded energy range 
that spans the non-traditional signature region of interest.  The following section provides examples of 
how the simulated spectra for cylinders with various declared enrichments and minor-isotope 
concentrations compared to measured spectra.  

 

 

Figure 21.  Examples of basis vectors simulated using MCNP5, and their summation to produce a 
prediction for the spectrum measured by the prototype field system.  Top: 7.6 × 7.6-cm NaI.   
Bottom: LaBr.  Black trace: Sum, 4.4% 235U, 200 ppt 232U.  Red: Uranium-235 (4.4%).  
Green: Uranium-238 (95.6%).  Blue: Uranium-232 (200 ppt).  Magenta: Uranium-234 (α,n).  
Brown: Uranium-238 spontaneous fission. 
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Figure 22.  Examples of basis vectors for the 5 × 10 × 20 cm NaI spectrometer simulated using MCNP5, 
and their summation to produce a prediction for the spectrum measured by the prototype field 
system 

7.2 Modeling Validation 

The modeling results shown here are preliminary; refining the models, continuing the validation and 
troubleshooting discrepancies more thoroughly will be a subject of follow-on work in FY11. 

Figure 23 below gives a comparison of simulated and measured gamma-ray spectra for three different 
cylinders below.  In those figures, reasonably good agreement (typically, within 25%) is realized for the 
full-energy peak intensity, but the underlying continuum for the simulation under-predicts the measured 
data by roughly a factor of two.  This result is consistent with discrepancies seen in previous MCNP 
modeling of uranium and is due to neglect of bremsstrahlung from beta-decay of isotopes in the 238U 
decay chain.  
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Figure 23.  Comparison of measured (black curves) and simulated (red curves) spectra for the assay of 
cylinders of various enrichments with the LaBr (left) and 7.6 × 7.6-cm NaI (right) 
spectrometers.  Top: Natural (0.711 wt% 235U).  Middle: 2.0 wt% 235U.  Bottom: 4.4 wt% 
235U.  

Figure 24 provides a comparison of the simulated high-energy gamma-ray count rates, for a window 
of 3.0 to 8.0 MeV.  
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Figure 24.  Comparison of measurements and simulations of the non-traditional high-energy gamma-ray 
signature (3.0 to 8.0 MeV) for a range of cylinder enrichments 



PNNL-19854 

42 

8.0 Case Study: Non-Traditional Signature for Reactor-
Recycle Feedstock  

The field measurement results presented earlier in this report demonstrated that the “non-traditional” 
signatures spawned from 234U have the potential to be a valuable addition to an enrichment assay 
technique under the assumptions of ore-based feed and a facility-specific calibration.  While these 
assumptions are likely to be valid in the vast majority of enrichment plants under IAEA safeguards, other 
feedstock variants may be utilized.  These include uranium that has been recovered from the reprocessing 
of spent fuel, labeled “reactor-recycle” feed in this report, and “tails recycle” in which the depleted 
uranium in the tails cylinders resident at enrichment plants is processed again to wring even more of the 
remaining 235U.  One driver for utilizing these alternative feedstocks is economics; for example, when the 
price of ore-based uranium feed is high enough that it justifies the use of alternative sources.  An analysis 
of the driving forces and the likelihood of countries using an alternative feedstock is beyond the scope of 
this report.  In this report, the focus is to provide preliminary data and findings on how one of these 
alternatives, reactor recycle uranium, might impact the utility of the signatures utilized in PNNL’s hybrid 
enrichment approach, particularly the non-traditional signature that relies on the concentration of the 
minor isotope 234U, relative to the 235U concentration (hereafter, “234/235”).  The primary research 
questions to be addressed in this case study are:  

1. How does 234/235 vary with initial enrichment, burnup and cooling time for pressurized 
water reactor (PWR) fuels? 

2. Can 232U, an isotope that is relatively easy to detect using the wide-range (i.e., up to 
9 MeV) gamma-ray spectrometry utilized for hybrid assay methods, serve as a 
quantitative indicator of the 234/235 ratio? 

The methods and preliminary findings for this case study are described in this section.  

8.1 ORIGEN-ARP for Simulating Reactor-Recycle Uranium Isotopics 

The utility of the non-traditional signatures for 235U enrichment quantification in reactor-recycle 
uranium is dependent on the behavior of the 234U/235U ratio over the range of fuel parameters likely to be 
encountered with that feed type.  Figure 25 shows the major production and loss mechanisms for 234U in a 
light-water reactor.  
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Figure 25.  Select production and loss mechanisms for 234U within a light-water reactor 

The 234/235 ratio in spent fuel is affected by initial enrichment, burnup and cooling time (before 
reprocessing).  In order to study these effects, we performed a series of simulations in ORIGEN-ARP 
[Croff 1983].  We used the Express feature in ORIGEN to model a typical PWR fuel assembly over a 
range of fuel parameters that might be realized in a commercial reactor: initial enrichment, burnup, and 
cooling time.  Table 4 provides the input parameters used in the ORIGEN calculations, common to all 20 
of the fuel assembly variants.  Table 5 gives the range of parameters analyzed in this scoping study.   

Table 4.  Input parameters for ORIGEN_ARP Express modeling of PWR fuel assemblies 

Fuel Assembly Type:  Combustion Engineering 14 x 14 

Average Power:  35 MW/MTU 

Power History:  100% up 

Uranium Basis:  1,000,000 grams 

Cycles:  3 

Libraries:  1 per Cycle 
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Table 5.  Matrix of PWR fuel parameters considered in the ORIGEN study of 234/235 variation 

Enrichments (%) Burnup Levels (GWd/MTU) Cooling Times (years) 

2, 3, 4, 5 15, 30, 45, 60 1, 3, 6, 10, 15 

 

We adjusted the initial 234/235 for each different enrichment level in the ORIGEN fuel definition 
(rather than using the ORIGEN-ARP default value corresponding to natural uranium) to reflect the reality 
that the 234U will enrich at a higher rate than the 235U in the enrichment process that creates the fresh fuel.  
The 234/235 behavior assumed in these calculations derives from Fischer et al. [2005], as described in the 
Section 2.2 discussion of neutron signatures, and is confirmed by Cooley [2000].  Table 6 contains the 
distribution of uranium isotopes used as input to the ORIGEN-ARP calculations. 

Table 6.  Uranium isotopic masses (grams) in the ORIGEN-ARP fuel definitions, as a function of initial 
uranium enrichment 

Enrichment 
(%) 

U 234 
 

U 235 
 

U 236 
 

U 238 
 

Total U 
 

2 175 20000 92 979733 1000000 

3 269 30000 138 969593 1000000 

4 364 40000 184 959452 1000000 

5 459 50000 230 949311 1000000 

 

The output of the ORIGEN calculations is a full isotopic inventory, including fission and activation 
products, and minor actinides.  From these output files, we extracted the uranium isotopic masses and 
utilized them to support analyses to address the research questions defined above.  Section 8.2 presents 
those results and findings.  

8.2 Scoping Study Results 

8.2.1 234/235 Variation in Reactor-Recycle Uranium 

The figures below summarize the results of the ORIGEN simulations for the 234/235 variation.  
Those results show that 234/235 varies significantly over the fuel space considered here.  The most 
significant variation occurs in the lower enrichment fuels where, depending on burnup and cooling time, 
the atomic ratio can vary between 0.0156 to 0.225 (see Figure 26), compared to the ratio in natural ore of 
0.00879.  For a 2% initial enrichment, 60 GWd/MTU burnup and 15-year cooling time, the 234/235 ratio 
is over 30 times higher than for natural ore.  The 5% fuel realized smaller variations of between 0.0114 
and 0.0371 (see Table 5), which are up to four times greater than the naturally occurring ratio.    
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Figure 26.  Uranium-234/Uranium-235 ratio for PWR fuel with an initial enrichment of 2 wt% 235U, as a 
function of burnup and cooling time 

 

 

Figure 27.  Uranium-234/Uranium-235 ratio for PWR fuel with an initial enrichment of 5 wt% 235U, as a 
function of burnup and cooling time 
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Figure 28.  Uranium-234/Uranium-235 ratio for PWR fuel with a cooling time of 3 years, as a function of 
initial enrichment and burnup 
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Figure 29.  Uranium-234/Uranium-235 variation for PWR fuel over the range of initial enrichment, 
burnup and cooling time considered in this study.  The maximum 234/235 value is 
approximately 30 times higher than the naturally occurring ratio. 

8.2.2 Uranium-232 as Quantitative Indicator of 234/235 

Uranium-232, another minor isotope of uranium, is not present in natural uranium but is created 
during reactor irradiation of uranium.  Figure 30 illustrates the predominant production and loss 
mechanisms for 232U in a light-water reactor[Cochran 1990].  For more discussion about its origins and 
utility for other radiation detection scenarios (e.g., detection of illicit nuclear material trafficking in 
vehicles at land border crossings), see Peurrung [1999] and Stromswold [2005].  
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Figure 30.  Production and loss pathways of 232U in light-water reactor fuel [Cochran 1990] 

This work explores the prospect of using 232U as a quantitative indicator of the 234/235 ratio in UF6 
cylinders containing reactor-recycle uranium.  Figure 31 compares spectra recorded from three different 
UF6  cylinders, providing empirical, though qualitative, support for this concept.  Two of these cylinders 
come from ore-based feed while the third is produced from the downblending of Russian HEU.  Previous 
work by others has shown that Russian HEU is typically produced by enriching reactor-recycle uranium 
and therefore, contains elevated levels of 232U, on the order of 200 ppt [Peurrung 1999].  Consequently, 
the expectation is that a downblended UF6 cylinder would retain some level of 232U.  The prominent 
gamma-ray signature of 232U is a 2614-keV photon emitted by the daughter 208Tl, and that line is clearly 
evident in the wide-range spectrometry utilized in the hybrid assay method.  The likelihood of that 
daughter’s gamma ray emission presenting itself in cylinders of various types is discussed later in this 
section. 
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Figure 31.  Gamma-ray spectra recorded from three UF6 cylinders, two of which are from ore-based feed 
(red and green) and the third from HEU downblend activities in Russia (blue).  The presence 
of 232U in the reactor-recycle uranium is evident from the 2614-keV gamma-ray emitted by 
208Tl, a daughter of 232U.  

The research question is whether this prominent and easily measured line could be used to calibrate 
the 234/235 behavior for reactor-recycle feed.  That is, could the measured intensity of the 2614-keV peak 
on a cylinder be used to predict the ratio of 234U to 235U for that particular cylinder?  

Figure 32 through Figure 35 are plots of a potential indicator parameter: mass of 232U divided by the 
ratio of the mass of 234U to the mass of 235U (i.e., 232/(234/235)).  Ideally, this indicator ratio would be 
constant over the entire range of fuels, so that regardless of the fuel’s initial enrichment, specifics of the 
fuel’s time in the reactor and the time since being extracted from the reactor, 232U concentration would be 
proportional to 234/235.  As these figures show, the behavior of this indicator ratio is far from constant, 
and varies by more than an order of magnitude over this fuel parameter range.  Figure 25 and Figure 30  
partially reveal the explanation for this behavior: The production and loss mechanisms for 232U and 234U 
are very different and consequently, their behaviors relative to the 235U are very different as well.  
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Figure 32.  Uranium-232/(234U/235U) for a cooling time of 3 years, as a function of initial enrichment and 
burnup  

 

 

Figure 33.  Uranium-232/(234U/235U) for a burnup of 45 GWd/MTU, as a function of initial enrichment 
and burnup 
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Figure 34.  Uranium-232/(234U/235U) for an initial enrichment of 4 wt% 235U, as a function of initial 
enrichment and burnup 
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Figure 35.  Plot of 232U/(234U/235U) ratio for all burnup levels, cooling times and 235U enrichments 
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Figure 36 shows additional data on the trends in 232U mass, focusing only on the cooling time of the 
fuel after the last cycle of irradiation.  The mass of 232U (half life 69.8 years) initially grows within the 
spent fuel due to the decay of 236Pu (half life 2.87 years) and then levels off as the two isotopes come into 
secular equilibrium.  It should be noted that the calculations in this work are focused entirely on the 
uranium isotopics of spent fuel prior to reprocessing and that the minor isotope behavior will change after 
reprocessing.  For example, once the 236Pu is removed during reprocessing, it is no longer a source for 
additional 232U production and the 232U concentration will depend primarily on its half-life. 

 

Figure 36.  ORIGEN-ARP data for the behavior of 232U and 236Pu in spent fuel based on 1 metric ton of 
4% 235U enriched uranium and 45 GWD/MTU burnup 

8.3 Preliminary Findings: Non-Traditional Signature for Reactor-
Recycle Uranium 

The results presented here indicate that the variability of 234/235 in reactor recycle uranium is 
significant, up to over 30 times the value for natural uranium.  This variability, in and of itself, does not 
preclude the use of the non-traditional signature (high-energy capture gamma rays from 234U-spawned 
neutrons) for the accurate assay of reactor-recycle uranium, if another signature can be found to 
unambiguously calibrate that 234/235 behavior.  Uranium-232, a minor isotope produced during uranium 
irradiation in a reactor, is a prime candidate to provide that signature because of a prominent and 
relatively penetrating 2614-keV gamma-ray emitted by its daughter 208Tl.  Unfortunately, the production 
and loss mechanisms for 232U and 234U are very different during and after irradiation.  The resulting 
variability in the 232/(234/235) precludes the use of 232U to directly calibrate the variability in 234/235 
and consequently, neutron-based signatures are unlikely to be effective for the assay of UF6 cylinders 
derived from reactor-recycle feedstock.  

The difficulties of using 232U for 234/235 calibration are likely to increase under more realistic 
assumptions than those used in this simple scoping study.  For example, only the behavior of uranium 
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isotopes prior to reprocessing was considered here.  Additional perturbations to uranium isotopes are 
possible during reprocessing, due to the changing contributions of production and loss mechanisms.  
Also, the nature of today’s large-scale reprocessing facilities means that recycled uranium product is 
likely to be an aggregation from a number of different assemblies, all of which had their own specific 
initial loading, reactor history and cooling time.  

That said, the 232U signature could still be a useful component of a cylinder NDA system based on the 
hybrid enrichment algorithms.  Since the 232U is an unambiguous indicator of reactor-recycle uranium in 
the cylinder, its presence can be used as a flag to ignore the non-traditional signature in calculating the 
enrichment value.  As discussed previously, the hybrid method is based on a weighted average of the 
traditional and non-traditional signatures, and the presence of 232U would instruct the algorithm to set the 
weighting of the non-traditional signature to zero.  Further, that same flag would allow IAEA inspectors 
to quickly determine whether or not the cylinder was derived from the type of feedstock declared by the 
operator, if that were deemed to be an important parameter in the verification process.  

However, the presence of the 208Tl 2614-keV gamma ray is not assured in product material at 
enrichment plants.  Though further study is necessary, if one assumes that the UF6 used as feed to the 
enrichment cascade has been recently separated, then the product at withdrawal will contain little 
contamination from uranium-isotope daughters.  If this is the case, detectable amounts of 208Tl would 
need to grow into the cylinder after it is filled in order to detect the 232U in a verification station 
measuring the product cylinders.  The grow-in time of 208Tl is reasonably well-described by the functional 
form 1 - exp(-a*t), with a = 0.4 yr-1.  After 1 year, the 208Tl activity is about one-third of its equilibrium 
value, increasing to 90% of its equilibrium value at about 5.8 years.  Given this relatively slow grow-in 
time, the likelihood of detectable 208Tl in product cylinders that are measured within hours, days or even 
weeks of withdrawal from the cascade may be low (the cylinders measured at the AREVA fuel 
fabrication plant and depicted in Figure 10 were typically 2-4 months old).  In the case of recently 
separated feed the 232U signatures might be more likely to be detectable in the tails cylinders after 
sufficient storage time has passed to build up 208Tl.  However, due to 232U being a lighter isotope, an 
inadequate amount may remain in the tails to provide a sufficient 208Tl signal for detection.  If the feed 
cylinders have been aged sufficiently after reprocessing but before arrival at the enrichment plant the 232U 
signatures may be more likely to be detectable.  Investigation of the validity of these scenarios and their 
potential effects on the 232U signal requires additional study.  
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9.0 Future Work 

The results from the FY10 study have encouraged further study, development and refinement of 
hybrid enrichment assay methods and instrumentation that might ultimately be used in an 
automated/unattended cylinder verification station.  This section summarizes major tasks for that 
continued development. 

Task 1: Refine and Validate Modeling Framework.  High-fidelity modeling of the UF6 cylinder 
scenario is a time- and resource-efficient complement to other development tasks.  For example, 
simulation can quickly explore the impact of various collimator designs (which double as neutron-to-
gamma converters in the hybrid methods) , where field study would be time-consuming and expensive.  
Simulation can also generate large libraries of “virtual assay signatures” to support algorithm 
development, over the large parameter space important to a viable instrument (e.g., enrichment levels, 
232U contamination levels and wall-thickness variation).  PNNL developed a functional and preliminarily 
validated modeling framework in previous work.  This tasking will expand, refine and more fully validate 
the framework (using data from May 2010 measurements of Type 30B cylinders) and will apply those 
modeling tools to address research questions in other tasks.  Of particular interest will be how the spatial 
distribution of UF6 in the cylinder contributes to the systematic error in cylinders of various types. 

Task 2: Perform System Design Parameter Study.  There are a number of system design choices to be 
considered in a hybrid assay method instrument.  For example, the design (materials and physical 
dimensions) of the collimator/converter surrounding the NaI spectrometers can have a marked impact on 
the intensity of the non-traditional signature.  Modeling studies will explore different 
collimation/conversion designs that recognize the energy distribution of the neutrons escaping the UF6 
volume and the energy-dependent cross-section for neutron capture on 56Fe (the dominant component of 
the non-traditional high-energy gamma signature).  Other design parameters to consider include the size, 
shape and orientation of the NaI spectrometers and the shape and materials to be used in the reflector 
material used to reflect neutrons back toward the steel volume of the UF6 cylinder.  These studies will 
investigate the balance between the performance of the traditional assay method (which benefits from a 
high degree of collimation and small detector area) and the non-traditional method (which benefits from 
less collimation and larger detectors). 

Task 3: Refine and Evaluate Traditional Method using Square-Wave Convolute Algorithm.  The 
Square Wave Convolute (SWC) algorithm developed and implemented in the FY10 study, though first-
generation, effectively extracted the net count rate in the 186-keV peak by removing both constant and 
linear components of the underlying continuum—a large source of uncertainty in the traditional 
enrichment-meter approach.  Testing indicated that the SWC algorithm will also be relatively insensitive 
to variations in energy resolution and gain drift in an unattended monitoring scenario.  However, the 
current SWC algorithm performs relatively poorly at low enrichments (i.e., natural and depleted) where 
the background is pronounced relative to the 186-keV peak, and the impact of curvature in the 
background shape (which are not removed by a symmetric digital filter) is most acute.  We will 
investigate and test methods for overcoming these challenges using measured and simulated data sets.  
We will then compare the SWC algorithm to other codes (e.g., NaIGEM [Gunnink 2001]) that implement 
direct fitting methods to assess the relative strengths and weaknesses in terms of assay accuracy and 
practical operational issues such as robustness against gain and resolution instabilities.   
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Task 4: Refine and Evaluate Hybrid Algorithm.  The FY10 scoping study used a simple average of 
the traditional and non-traditional signature, over all enrichments from depleted to 5 wt% 235U.  More 
sophisticated weighting functions for the traditional and non-traditional signatures need study.  For 
example, it may be beneficial to place a greater weight on the non-traditional signature for tail and feed 
cylinders.  Conversely, the traditional signature may be weighted more heavily at higher enrichments 
where the uncertainty in the 186-keV peak count rate is low and changes in the 234U/235U ratio (e.g., from 
reactor recycle material) may lead to systematic variations in the non-traditional signature.  Because the 
hybrid methods are based on full-spectrum (50 keV to 9 MeV) data acquisition, there also exists the 
possibility of mining additional spectral regions for other information useful to cylinder verification not 
discussed in this work (e.g., wall-thickness estimation, rapid detection of 232U for indication of reactor-
recycle feedstock). 

Task 5: Develop Field Prototypes and Perform Field Measurements with Graded Approach.

In keeping with a graded approach to instrument development and testing, however, PNNL will 
pursue the possibility of continuing to use the AREVA fuel fabrication plant in Richland, Washington 
facility as a convenient and cost-effective location for testing and evaluation of both hardware design 
options and algorithm variants.  AREVA receives new shipments of Type-30B cylinders weekly, with a 
range of enrichments from depleted (0.2%) to 5% and we may be able to measure upwards of 200 Type-B 
cylinders in a few months.  Importantly, the AREVA cylinder population comes from a variety of 
enrichment providers (e.g., Urenco, USEC, Ural) so that we may more fully investigate some of the 
systematic sources of uncertainty that might arise from different enrichment processes.  While previous 
measurements at AREVA have used a mobile platform and one-day campaigns, we will explore the 
possibility of a semi-permanent installation in the existing AREVA cylinder NDA area.  To minimize the 
impact on AREVA operations, we may be able to install the PNNL hybrid instrumentation opposite the 
AREVA HPGe system and perform cylinder measurements with the two NDA systems simultaneously.  

  The 
FY10 study indicated that a hybrid assay method can meet target uncertainties for depleted and natural 
enrichments, but that analysis was based on very few Type 30B cylinders, rather than the Type 48 
cylinders that are the industry standard for feed and tail material.  Definitive assessment of the viability of 
the hybrid NDA methods for product, tail and feed cylinders will require an extended measurement 
campaign at an operating enrichment plant.  Such a campaign should utilize an array of NaI spectrometers 
and an accompanying suite of collimator/converters, pulse-processing electronics and enrichment analysis 
algorithms specifically tailored to the hybrid NDA methods.  We will explore the possibility of such a 
campaign in collaboration with ORNL and LANL, possibly through the EURATOM PCG.  

Task 6: Study Minor Isotope Variations.  The utility of the non-traditional signatures for 235U 
enrichment quantification depends on the stability of 234U/235U ratio as a function of feed type, process 
type (e.g., diffusion or centrifuge) and process variables.  Previous work indicates that the ratio will be 
relatively stable for ore-based feed and a facility-specific calibration, but PNNL’s FY10 modeling and 
analysis of reactor-recycle uranium indicates that the 234U/235U ratio in reactor recycle feedstock varies in 
ways that preclude using the non-traditional signature as a reliable metric for 235U enrichment.  Better 
understanding of the potential (and shortcomings) of 234U signatures will necessitate further exploration of 
the 234U/235U ratio.  In this task, we will survey the literature and communicate with technical staff and 
organizations that could provide data and information regarding the variation in minor isotopes (232U, 234U 
and 236U) in industrial enrichment settings.  We will also explore the possibility of utilizing data from 
IAEA’s routine environmental sampling activities at enrichment plants to provide useful calibration and 
verification of the behavior of the minor isotope ratios (particularly 234U/235U) at each specific facility.  
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We should also consider other feedstock variants, for example tails recycle, and those lessons 
incorporated into discussions about the potential of the hybrid methods for automated cylinder 
verification.  
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