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Abstract 

Neutron multiplicity counting is a maturing technology. It has been implemented at many facilities 
to address the increasing need to rapidly measure impure plutonium bearing materials. At Hanford 
Site and Rocky Flats Environmental Technology Site, multiplicity counting has also been used with 
excellent results by the International Atomic Energy Agency to verify excess plutonium inventones 
now under their safeguards. Neutron multiplicity counting as currently implemented, however. will 
not address all forms of impure plutonium. MateriaJs containing large concentrations of matrix 
elements like fluorine and beryllium carmot be assayed successfully witbout extremely long count 
times. Assays of compact plutonium metals and oxides having a large uranium concentration 
relative to their plutonium content tend to bias Iow because of to a breakdown in the theoretical 
model now used to translate the measured multiplicity distributions to plutonium mass. In this 
paper, we will discuss the most recent efforts to extend the range of materials that can be measured 
successfully with thermal neutron multiplicity counting and a use of multiplicity counting to detect 
sample changes during long-tents storage. 

‘Compact” Metals Problem—Introduction 

The bias in the multiplicity assays of plutonium metal samples of compact geometry has been well 
docutnentedl-3 Compact here means samples for which the mean free path of the neutrons emitted 
by the sample is shorter than the sample dimensions. The bias has been reported for assays of 
samples measured with the In-plant Neution Multiplicity Counter (NMC) at both Los Alamos 
National Laboratory (LANL) and at the Lavmence Liverntore National Laboratory (LLNL). 

During the measurements made at LLNL, we postulated that the bias was caused by breakdown in 
the fundamental assumption used to derive the “point model.” The point model, which provides the 
relationships necessary to reduce the measured moments to an assay, assumes that all fission chains 
in a sample can be described using a single global fission probability. However, this is in fact true 
for no real sample. The measured moments are, rather, a volume integration of the momenta derived 
in the point model. 

We demonstrated, using Monte Carlo calculations of very compact metal shapes, that tlis 
integration results in an unbiased assay only if the mean interaction length of the neutrons emitted 
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by the sample is long compared to sample dimensions. By calculating the self-multiplication in a 
sample for a grid of dkcrete points in the sample and doing a numerical integration of the point 
model momenta over the multiplication VOImne described by this grid, we saw that the irr~egration 
for compact metal shapes resulted in an over estimate of the sample self-multiplication and thus an 
assay that is biased low. However, for oxides and other neutronically thin materials the integration 
resulted in an unbiased assay. 

At the time of this analysis, empirical metal assay data were available for measurements made in 
only one instrument, the In-plant NMC. There was no experimental evidence as to whether or not 
the bias was instrument dependent. Because the variation in sample self-multiplication over a 
sample’s volume is a complex function of sample geometry, density. and the coupling of emitted 
neutrons with the detector’s sample cavity, at the time we decided that the best approach to correc 
the bkta in the metal assays was a simple empirical correction derived from the relationship betweer 
the observed bias and the “measure” multiplication derived tlom the multiplicity ansdysis. 

Recently we obtained multiplicity assay data ffom a group of compact metal samples measured 
with the 30-gal. drum neutron multiplicity counter at the Rocky Flats Environmental Technology 
Site (FWETS). These samples provided the first experimental evidence that the bias in the 
multiplicity assays of metals is somewhat generic and not a strong function of the detector. 

Figure 1 shows a compilation of all the data we have obtained for metals measured in the two 
multiplicity counters, the in-plant NMC and the 30-gal. drum NMC. These data describe a similar 
behavior: the bias increases with sample self-multiplication. The scatter in these data, however, is 
too large to be explained by statistical counting precision, sample placement errora, or variations in 
sample matrices. 

Fig. I. 
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The bias in rnultipficify assays of compact metal shapss as observed with two distinel 



The bulk of these samples are plutonium metal buttons derived from molten salt extraction (MSE). 
A typical button can be whole or in pieces as in Fig. ~. It is not uncommon for the buttons to 
fi-acmre,as shown in the figure. when they are removed from the extraction salt and crucible. The 
samples measured at LANI- and LLNL are believed to be fractured as well as whole buttons. The 
RFETS samples we believed to be whole buttons only. 

Fig. 2. Pieces of a plutonium metal bunon, tbe product of MSE. 

Figure 3 and Table I show the result of correcting the assays using a simple empirical correction 
derived from the data in Fig. 1. The assays obtained at LANL for a diverse set of samples from 
many sources are by far the worst. The assays of the more consistent group of fractured and whole 
MSE burtons at LLNL are better. The average assay of the whole buttons measured at RFETS are 
the best. 

Table L Comparison of assay results for different sample groups in two different multiplicity counters 
using two different methods to correct for bias. 

In-plant NMC at in-plant NMC at 30-gaL Dmm NMC All 

Awragc assayi 
reference before bins 
correction 
I sigma 
Average 
a.wayhefercnce after 
simple empirical 
bias correction 
I sigma 
Average 
assayheference after 
..cOrrect-M bk 

LANL LLNL at RFETS 

1.048 1.103 1.017 t.073 

0.092 0.054 0.018 0.07 I 

0.982 1.002 1.038 I .003 

0.045 0.024 0.016 0.035 

0.997 1.011 0.997 1.00s 
correction I I I I 
}sierna 0.040 0.026 0.003 0.028 1 
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Fig. 3. Multiplicip assays of compact metal samples correcred using a simple �mpirical bias correction. 

New Metals Analysis 

In an attempt to understand these results, we performed more Monte Carlo calculations with input 
geometries that more accurately describe the shape and character of the metrds that have been 
measured. We dld not have access to the precise geometry of or impurities inj each sample 
measured. We knew their general geometry, a thin disk much like the sample shown in Fig. 2. We 
also knew that the samples we~ not packaged in ao inert atmosphere so that it is likely that some of 

the metal had oxidized, resulting in the production of extm neutrons fkom (%n) reactions with 
oxygen nuclei. Other impurities such as chlorine, calcium, and magnesium that can be present from 
the MSE process will also cause the production of (a,n) neutrons. We quantify these (a. n) 
neutrons by their ratio, alpha, to the spontaneous fission neutrons emitted by the sample. For a 
pure metaI, aipha would be zero. The measured alpha for all the metals varied from near zero to 

about 0.2. 

We performed calculations for a series of five metal disks whose diameters were 10 cm and whose 
thickness were such thattheir masses ranged from 0.8 to 4.7 kg. The calculations were performed 
for bare metal disks with no detector in the model. We also varied alpha from 0.0 to 0.2 in the 
integration of the point model equations over these sample volumes. The Monte Carlo results were 
scaled to agree with the “average” detector represented by the data in Fig. 1. The scaling added a 
simple edge effect to the multiplication surface that increased toward the outer edges as a function of 
sample dimensions only. For alpha = O, the results agree very well with the measured behavior. 
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Fig. 4. Comparison of e.rperlmtvml and calculated assay biases for plutoniam meal buteons. 

For dkks containing impurities such that alpha= 0.2, the calculations, shown in Fig. 5, suggest that 
the behavior of the bias is different than for pure metal samples. Also, if the geometry of the 
sample is greatly chsmge~ the bias increases. In Fig. 5, for comparison we have added the 
calculation results obtained from the previous work for very compac~ right circular cylinders and 
plutonium rods of dKferent masses. 
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Fig. 5. Variation of assay bias with the ratio of (o. n) neutrons 
to spontaneous f~sion neutrons and with shape. 



As a result of these calculations. we decided to ask the question: how does the self-multiplication 
value that would give the correct assay compare to what is ““measured using the point model 
analysis? We compared the former, which we caI1edthe “comect” multiplication. with the measured 
result as shown in Fig. 6. With the calculated multiplication we observed that the ratio of the correct 
muhiplicat; on to the measured value is very insensitive to changes in alpha. Thus a bias correction 
derived by deducing the correct multiplication from the measured value via a relationship like that 
shown in Fig. 6 will be less sensitive to variations in the ratio, alpha. than one based on the 
measured multiplication alone as in Fig. 1. 
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We derived such a bias correction based on a tit of the experimental data and applied it. The results 
are given in Fig. 7 and Table I. Note that there is an improvement in the quality of the assay results 
relative to the original correction for two of the three groups of measurements. The assays of the 
RFETS samples, that have a more or less consistent geometry, improve the most. However, for 
the more diverse group of samples measured at LANL, there is no improvement. For the LLNL 
samples that consisted of both whole and tlactured buttons, the improvement is small. From these 
results we conclude that variations in the geometry of the samples is the likely cause of the scatter 
in the assay results. 
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Fig. 7. Mnltiplicify assays of compact plutonium metal samples corrected for bias using the 
correct-M approach, 

Multiplicity Assay to Detect Metal Oxidation 

A serious problem that can occur during storage of plutonium metal samples is oxidation. As 
plutonium metal oxidizes, its density decreases by a factor of olmost 8 causing a subsequent 
dramatic increase in sample volume. Figure 8 shows the remains of a plutonium metal sample that 
oxidkcd over a period of marry years. Multiplicity assays of this sample performed five years 
aparr showed a substantial, nonstatistical increase in the ratio of (a,n) neutrons emitted to 
spontaneous fission neutron and Ied to the investigation of this sample that yielded this photograph. 

Fig. 8. The oxidized remains of a plutonium metal buaon after years of oxidation. 



This discovery stimulated the question: can multiplicih assays be used to detect oxidation in metal 
samples during routine inspections of samples in long-term storage? To investigate this, two metal 
samples were selected, brushed. repackaged, and assayed using calorimetric ~d isotopic 
measurements. Prior to brushing, a small amount of each sample was removed. oxidized. and saved 
for later addition. Each sample was then measured at least twice with the In-plant NMC. Between 
measurements, the sample was permrbed to change the position of the sample in its container. 

The two samples had masses of 1.7 and 2.1 kg. Geometrically, they were quite different. The 2.1 
kg sample is the metal sample shown in Fig. 2 and consisted of four pieces. The other sample was a 
single piece of metal. After the initial measurements were completed, the packages were re-opened. 
and the metals were brushed again. After weighing the cleaned sample to determine the metal lost to 
oxidation, 5 g of oxide and the remainirrg metal were repackaged together and measured again at least 
twice in the multiplicity counter. This process was repeated for 10 g and 20 g of oxide additions. 

We next compared the measured ratio alpha to that obtained in the initial measurement with no oxide 
addition as a t%rsctionof the percentage of plutonium in oxide form in the container for any given 
measurement. These results are shown in Figs. 9 and 10. Interestingly, the oxide addition can be 
detected at the 1‘7. level for the single metal piece but not for the sample having several pieces. 
Also, the statislicrd scatter between measurements represented by the error bars in these figures is 
dramatically larger for the fiwxured metal. We conclude that the redistribution of the metal in
between measurements for the sample that has several pieces results in a large scatter in the 
measured alpha and less sensitivity to detect oxidation. 
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Fig. 9. The variation in measured “a[pha” as a function of percent ptutonium in oxideform for a single-piece 
metal sample. 
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Fig. 10. The variation in measured “alpha” 0.s o function of percent plutonium in oxide form for a sample 
consisting of four mstal pieces. 

We then studied other pamrneters, such as the different neutron moments, ratios of moments. and 
detector ring ratios to determine if the oxide addition could be detected in the fractured metal sample. 
Interestingly, the most sensitive parameter was the “known-alpha” assay result for the metal. In 
the known-alpha anrdysis, the singles neutron rate is combmed with the doubles rate and a known 
value of alpha to deduce an assay. For metal, alpha is usually assumed to be zero. As a sample 
oxidizes, simulated by our oxide additions, we would expect that the assay result would bias high 

relative to the true value because of the additional fission induced by the additional (IX,n) neutrons. 
We found that thk was indeed the case, and in fact the comparison shown in Fig. 11 was the only 
method we found that would detect the oxide additions in the fractured metal sample. 

Fig 

%FIJ 1. oxide Fwm 

11. Two-parameter “known-olpha” assay as a function of percent plutonium in oxide form for the sample 
consisting of four metal pieces. 

Conclusions 

As multiplicity counting is applied in the field, we anticipate that it will face new challenges. 
investigations reported here cordii that the algorithms that are used to reduce the measured 

our 



multiplicity moments to an assay will result in assay biases for certain ctasses of impure samples. 
most notably compact metal buttons. Although good corrections can be applied to the data to 
correct for bias, our simulations indicate that the bias will be geometry dependent and will remain. 
although at a much reduced level, for samples whose geometry are somewhat inconsistent. 

Multiplicity analysis also provides information concerning the long-term stability of metals in 
storage, but ordy if a sample consists of a single piece of plutonium metaL If a metal sample is 
fractured into several pieces, multiplicity analysis lacks the sensitivity to detect oxidation at IOW 
levels due to variations in sample self-multiplication as the pieces of metal shitl in their container. 
ASSanalysis based on the sirrrpIermeasured quantities wed in neutron coincidence counting. total 

and coincidence neutron rates (singles and doubles), appears to have the sensitivity to detect an 
increase in plutonium oxide in the presence &metal. 
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