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Plutonium Metal Exchange Program: Current ,Status and Statistical Analysis

Lav Tandon, Judith Eglin, Sarah Michalak, Richard Piccard, Donald Temer, Darryl
Jackson

P.O. Box 1663 , Los Alamos National Laboratory , Los Alamos , NM 87545, USA

ABSTRACT

The Rocky Flats Plutonium (Pu) Metal Sample Exchange program was conducted
to insure the quality and intercomparability of measurements such as Pu assay, Pu
isotopics, and impurity analyses . The Rocky Flats program was discontinued in 1989
after more than 30 years . In 2001, Los Alamos National Laboratory (LANL)
reestablished the Pu Metal Exchange program . In addition to the Atomic Weapons
Establishment (AWE) at Aldermaston, six Department of Energy (DOE) facilities
Argonne East, Argonne West, Livermore, Los Alamos, New Brunswick Laboratory, and
Savannah River are currently participating in the program. Plutonium metal samples are
prepared and distributed to the sites for destructive measurements to determine elemental
concentration, isotopic abundance, and both metallic and nonmetallic impurity levels .

The program provides independent verification of analytical measurement
capabilies for each participating facility and allows problems in analytical methods to be
identified. The current status of the program will be discussed with emphasis on the
unique statistical analysis and modeling of the data developed for the program . The
discussion includes the definition of the consensus values for each analyte (in the
presence and absence of anomalous values and/or censored values), and interesting
features of the data and the results .
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Introduction

Accurate assay and impurity analysis of plutonium metal is required for many
applications . Chemical analysis of plutonium metal is a key component for assuring that
the plutonium metal meets the strict requirements critical for different applications .
Precision of measurements can be established by following a well-designed statistical
plan, but establishing accuracy requires comparison of measurements with appropriate
reference materials . Suitable reference materials of plutonium metal containing known
quantities of impurities, both metallic and nonmetallic, are not available . A sample
exchange program among laboratories can provide a quasi-reference material . With a
known sample, an exchange programs increases confidence in analytical measurements
within and between laboratories on both a national and international basis . The plutonium
metal interlaboratory program provides plutonium metal whose impurities have been
thoroughly characterized and verified by several laboratories .

History

The Rocky Flats Plutonium (Pu) Metal and Isotopic Exchange programs were conducted
to insure the quality and intercomparability of measurements such as Pu assay, isotopic,
and impurity analyses . The quality of these analyses had a significant impact on the
ability of the U.S Department of Energy (DOE) complex to certify weapon components
for the nuclear stockpile. The Plutonium Metal and Isotopic Exchange programs resulted
from shipper receiver differences and differences in measurement between analytical
laboratories at Hanford, Los Alamos, and Rocky Flats . In order to establish standard
values for analytical measurements, a formal Pu metal exchange program was established
in 1957 between laboratories at Hanford, Los Alamos, Savannah River and Rocky Flats
to allow the comparison of analytical methods and resolve analytical differences . For the
Pu Isotopic Exchange program, non-metal certified reference materials (CRMs) such as
oxides and nitrates were shipped and analyzed on a regular basis . Both programs were
discontinued in 1989 after more than 30 years . At that time, eight laboratories formally
participated in the Pu Metal Exchange program Argonne National Laboratory (ANL),
Los Alamos National Laboratory (LANL), Lawrence Livermore National Laboratory
(LLNL), Mound Laboratory, New Brunswick Laboratory (NBL), Rocky Flats, Savannah
River Site, and Hanford .

The termination of the Rocky Flats Plutonium Isotopic and Metal Sample Exchange
programs left a deficiency in the area of destructive analysis of Pu metal. As stated
earlier, suitable reference materials with impurities (both metallic and non-metallic) in a
Pu metal matrix are not available. Therefore, to best assess the performance of the
Actinide Analytical Chemistry Group (C-AAC), quality control (QC) Pu metal samples
analyzed by C-AAC need to be analyzed by organizations independent of LANL .

Plutonium Metal Exchange Progra m

Prior to the first Plutonium Metal Sample Exchange in 2001, LANL located and
transferred to Los Alamos National Laboratory information pertaining to the Rocky Flats
Plutonium Metal Sample Exchange program . Los Alamos also located materials at Rocky
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Flats that were cast for the Rocky Flats exchange program and requested transfer of those
materials to Los Alamos . After approximately two years of effort, several hundred grams
of material was transferred to LANL in 2000 .

Figure 1 . Plutonium metal cut in an inert box for the exchange program .

Cin"

The materials were unpacked at LANL and inspected for sample integrity in inert glove
boxes. The two metals, 442 and 465, were in the form of coupons (approximately 1 .5" x

1 .5" x '/4" thick) and had some oxidation and pitting . The oxide layer was removed by
wire brushing and the metal was packaged in sealed containers in inert glove boxes for
storage . These two metals had gone through extensive testing for homogeneity, adequacy,
and consensus values at Rocky Flats . Both of these metals are primarily Pu-239
materials . In 2002, Los Alamos acquired and submitted two more Rocky Flats cast metals
(A and B) for analysis. Initial Rocky Flats chemistries on both of these materials were
also available . The identity of the exchange materials and the participating laboratories
have been eliminated for this discussion of the data . Shown above in Figure 1 is a cut of
one of the Pu metal samples in the exchange program .

Metals in the program have impurity concentrations in the ranges listed in Table 1 . These
ranges were selected so that most of the analytes of interest are above the minimum
detection limits (MDLs) of techniques currently used by many of the participating
laboratories in addition to meeting the programmatic requirements at LANL . Because the
Rocky Flats materials were cast 12-13 years ago, there is some in-growth of non-Pu
actinides .
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Table 1 . Ex ected Concentration Ranges in Exchange Material s
Concentration
Range (mg/kg) Elements

<1-100 Be, B, Cu, Pb, Mn, Mo, N ,Sn,Ti,W,Zr
1 - 250 Al, Am, C, Ca, Cr, Si, U
1 - 500 Mg, Ni
1-1000 Fe, U*
1-10000 Am*, Ga

* Only in Rocky Flats exchange mate rials .

Participating laboratories report their results to LANL where the data are tabulated and
analyzed statistically. The initial approach to data evaluation is similar to the one used at
Rocky Flats . Each laboratory identifies the method used to analyze various analytes, the
number of samples, and the dates of analysis for actinides . The actinides and total Pu
content are then decay corrected to the same date for each laboratory. To date, four
different samples have been analyzed in the exchange program. Basic information such
as sample means and standard deviations are calculated and reported for each laboratory
reporting within each exchange . In the most recent exchange round, samples are
described by the date of the exchange, month and year, along with information about
whether data was collected on two separate cuts, May 03-1 and May 03-1, or two aliquots
of the same cut, May 03-1A and May 03-1B as shown in Table 2 . Note the numbers
differentiate different cuts while the letters indicate aliquots of the same cut . For previous
exchange rounds, information about the level of replication of the measurements is not
available, so samples April 01-1 and April 01-2 for a given laboratory may be replicates
at either the cut or aliquot level. Three rounds of exchange data have been accumulated
for many of the analytes, and Los Alamos, with input from all participating laboratories,
is re-establishing consensus values for the key analytes, including trace metals .

Statistical Analysis of Plutonium Metal Exchange Data

The goal of the statistical analyses is to determine a consensus value for each analyte for
all of the metals in the exchange program. Due to space constraints, a review of the
methods used in the analysis of the sample data are provided and an example illustrating
the exchange results is presented. The statistical methods used for the analyses account
for different process variances in different laboratories, anomalous or unusual values, and
censored values or values that are reported as detection limits .

Definition of the Consensus Value

In order to estimate the consensus value for a given metal and analyte, a definition of the
consensus value for the analyses is required in addition to a description of how the value
is estimated for the metal exchange program . In this discussion, two situations are
considered: one or more of the laboratories' measurements include anomalous values and
none of the laboratories' measurements include anomalous values . A description of how
censored values were incorporated in the analyses follows this discussion .
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In the case where none of the laboratories' measurements include anomalous values, the
model is based on the measurements from laboratory i for the analyte and metal of
interest following a normal distribution with mean p; and standard deviation o where
p; is the long-run average measurement from laboratory i . With this model, the
consensus value C is defined as the mean of the laboratories' long-run average
measurements :

1 L
C=LEpi

where Lis the number of laboratories that analyzed the analyte and metal of interest .
This quantity may be estimated by using the measurements from laboratory i to estimate

p. . This estimated consensus value C has the following form :

C=1E,u1Exr
L ;_, L ;_,

where x; is the mean of the non-anomalous measurements from laboratory i .

The presence of anomalous values in laboratory i 's measurements is modeled by
assuming the measurements come from two populations : one for the non-anomalous
values and one for the anomalous values . As above, the non-anomalous measurements
from laboratory i follow a normal distribution with mean p; and standard deviation 6; .
The anomalous values from laboratory i are assumed to follow a second distribution with
a standard deviation cr that is much larger than 6; and a mean p; that may differ from
p; . In this setting, each measurement from laboratory i is either anomalous or non-
anomalous . Suppose that a large percentage p; x 100% of laboratory i's measurements
are from the normal distribution with mean p; and that the remaining few are from the
second distribution with mean p ; . The overall mean underlying all of the measurements
from laboratory i is then :

6; =P,pr +(1 -POp;

With this model for the measurements from laboratory i, known in the literature as a
"contaminated"' model, the consensus value is formulated as

1 L
C=LEp; .

,_,

As above, the value of C is estimated using the non-anomalous values from each
laboratory . Alternatively, the consensus value could be defined as the mean of the 8 ; 's .

In cases in which there are no censored values in a laboratory's measurements, the mean
and standard deviation of the laboratory's measurements are used to estimate p; and 6; .
(An estimate of 6; is needed to calculate a confidence interval for C .) In cases in which
a laboratory's measurements contained censored values, p; and 6; are estimated based
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on a standard method (maximum likelihood) that uses both the censored and uncensored
measurements (Meeker and Duke, 1981) . 1

Anomalous values are not included in the estimation of the consensus value . Across the
22 statistical analyses performed to date on the Pu metal exchange data from two metal
samples analyzed at least three times over a period of two years by multiple laboratories
using different techniques, 14 anomalous measurements that occurred across 8 datasets
were removed prior to consensus value estimation. These 14 values are roughly 1 .6% of
the 965 measurements available for analysis . Of these measurements, 9 were high
compared to the remaining measurements and 5 were low compared to the remaining
measurements . This represents an unusual pattern since anomalous measurements from
many measurement techniques tend to be too low rather than too high. Following our
statistical analyses, a report containing the data in graphical and raw form, the estimated
consensus values, and a 95% confidence interval for the consensus value is compiled.

Application of the consensus value model to the analyte iron

To illustrate the results of the statistical analyses and some interesting features of the
exchange data, the analysis of a representative dataset for the analyte iron is provided .
Figure 2 displays the iron results (in ppm) for analyses performed by the six labs using
multiple analytical methods on plutonium sample Metal 1 . In the plot, the measurements
are grouped by laboratory, with a number denoting the laboratory that provided a set of
measurements indicated on the horizontal axis below that set of measurements . The same
numbering scheme is duplicated in Table 2 containing the raw data . Each measurement
is indicated by a symbol that corresponds to the analysis method used to measure the
concentration. The symbols for the different methods of analysis are : a triangle for
inductively coupled plasma atomic emission spectroscopy, a diamond for inductively
coupled plasma mass spectrometry, and a square for spectrophotometry . In Table 2, the
methods are abbreviated ICPAES, ICPMS, and SPEC respectively . There were no
censored values and no anomalous values in the iron dataset for Metal 1 .

On the graph, the measurements from each laboratory are grouped by exchange round,
with those from the first exchange round printed in black, those from the second
exchange round printed in medium grey, and those from the third exchange round printed
in light grey. Indicating the method of analysis and the exchange round for each
measurement facilitates the identification of time and other trends in the data. The three
exchange rounds for the metal under analysis occurred in April 2001, August 2001, and
March 2003 . The dashed horizontal line on the graph indicates the consensus value .

Figure 2 displays several interesting features of the iron measurements . First, the
measurements from different laboratories display different spreads . The spread of the
data for a given laboratory is indicative of the variability in that laboratory's
measurements . In this plot, several of the laboratories appear to have different

1 If a laboratory reports fewer than two non-censored values, standard methods do not provide estimates of
cr , while if a laboratory reports no non-censored values, standard methods do not provide estimates of
/1, or 6; . In the former case, we use information from the remaining laboratories to estimate the

variance of the laboratory that reported only a single non-censored value, while in the latter case the
laboratory does not contribute to the estimation of the consensus value .
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measurement variabilities . The different measurement variabilities may result from
differences between the laboratories in the level of replication of the measurements since
this factor is not the same for all laboratories,2 differences in the methods used to perform
the analyses, or because a single method may be implemented in slightly different ways
in different laboratories . Other examples of unequal measurement variability occur in the
metal exchange data . As a result, the statistical methods used for these analyses do not
assume that the measurements within the different laboratories have the same variance .

Metal
With n

Reported EXCHANGE POOLED POOLED Laboratory
LABIMETHOD SAMPLE Value MEAN STD DEV N MEAN STD DEV N Residuals

LAB 1-ICPAES April 01-1 209 229 17 3 327 35 8 11 8
April 01-2 240 87
April 01-3 237 90
Aug 01-1 468 473 6 2 -14 1
Aug 01-2 477 -15 0

March 03-1A 369 328 52 3 -42
March 03-1B 269 58
March 03-2 346 -1 9

LAB2-ICPAES April 01-1 450 320 184 2 273 110 6 -17 7
April 01-2 190 83
Aug01-1 300 270 42 2 -2 7
Aug 01-2 240 33

March 03-1 210 230 28 2 63
March 03-2 250 2 3

LAB 3-SPEC April 01-1 237 254 24 2 213 17 8 -2 4
April 01-2 271 -5 8
Aug 01-1 180 196 17 4 3 3
Aug 01-2 189 24
Aug 01-3 220 .7
Aug 01-4 195 1 8

March 03-1 212 207 8 2 1
March 03-2 201 1 2

LAB 4-SPEC April 01-1 213 210 3 4 222 6 20 9
April 01-2 206 1 6
April 01-3 212 1 0
April 014 210 1 2
Aug01-1 220 221 5 8 2
Aug 01-2 217 5
Aug 01-3 225 - 3
Aug 01-4 224 -2
Aug 015 211 1 1
Aug 01-6 225 -3
Aug 01-7 222 0
Aug 01-8 220 2

March 03-1A 225 231 7 8 -3
March 03-1B 226 -4

March 03-1C 223 - 1
March 03-1D 226 -4
March 03-2A 230 -8
March 03-28 241 -1 9
March 03-2C 240 -1 8
March 03-2D 233 -1 1

LAB 4-ICPAES April 01-1 215 217 2 2 217 5 6 2
April 01-2 218 - 1
Aug 01 .1 215 219 6 2 2
Aug 01-2 223 -6

March 03-1 211 216 7 2 6
March 03-2 221 -4

LAB 44CPMS Aug 01-1 214 210 6 2 210 6 2 -5
Aug 01-2 205 5

LAB 5-ICPMS March 03-1 195 198 4 2 198 4 2 3
March 03-2 201 .3

LAB 6-ICPAES March 03-1 220 215 7 2 215 7 2 -5
March 03-2 210 5

LAB 6-ICPMS March 03-1 208 226 25 2 226 25 2 18
March 03-2 243 -1 8

Table 2. The raw data for the laboratories .

Shown above, Table 2 contains raw data for the laboratories identified by laboratory and
analysis method. The first column indicates the lab and method used for the analyses, th e

2 Information about the level of replication is only available for the fmal round of the exchange ; not all of
the measurements were performed at the same level of replication during that exchange round .
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second column displays the date of the analyses and, for the measurements, the third
column provides the measured concentration of iron in ppm . The fourth, fifth, and sixth
columns provide the mean, standard deviation, and number of data reported for each of
the exchange rounds. The seventh, eighth, and ninth columns contain the pooled mean,
standard deviation, and number of data reported for each lab for all exchange rounds . In
the tenth column laboratory residual is determined by subtracting the individual value
from the pooled mean for each laboratory.

Although somewhat obscured by the scale of the plot, the spectrophotometry
measurements from Laboratory 4 increase with time . At present there are insufficient
data to model the results for Metal 1 . In addition to data for Metal 1, Metal 2 data has
been obtained over a similar time period by Laboratory 4 and also indicates a slight
change in the measured iron value between different sample submissions . However,
differences between different sample submissions are not apparent for the measurement
from Laboratory 4 for other exchange metals . The differences in the iron concentration in
the measurements may be due to an inhomogeneous distribution of the iron throughout
the sample or another factor or factors not yet determined . Issues including how a
consensus value should be defined in the presence of changes in the measured values of
analytes in different samplings of the material will be addressed as more data is obtained .
In addition, the root cause(s) of the differences in the concentration of the analyte could
be identified and corrected .
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Figure 2 . Measurements (in ppm) of iron in Metal 1 . The consensus
value is 242 ppm, with 95% confidence interval (224, 260) .
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Conclusions

In future years, the analyses of the Pu metal exchange data will address within-laboratory
deviations from the consensus value and within-laboratory variability . As more data
become available, the ability to investigate and model specific features of the data such as
the presence of anomalous values will improve .
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