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ABSTRACT 

Quantitative physical measurements are a necessary 
component of the International Atomic Energy Agency 
(IAEA) nuclear material safeguards verification regime. In 
December 1994, IAEA safeguards were initiated on an 
inventory of excess plutonium powder items at the 
Plutonium Finishing Plant, Vault 3, on the 
U.S. Department of Energy's Hanford Site. The material 
originated from the U.S. nuclear weapons complex. The 
diversity of the chemical form and the heterogenous 
physical form of this inventory were anticipated to 
challenge the precision and accuracy of quantitative 
destructive analytical techniques. A sampling design was 
used to estimate the degree of heterogeneity of the 
plutonium content of a variety of inventory items. 
Plutonium concentration, the item net weight, and the 2 4 0Pu 
content were among the variables considered in the design. 
Samples were obtained from randomly selected locations 
within each item. Each sample was divided into aliquots 
and analyzed chemically. Operator measurements by 
calorimetry and IAEA measurements by coincident neutron 
nondestructive analysis also were performed for the initial 
physical inventory verification materials and similar items 
not yet under IAEA safeguards. The heterogeneity testing 
has confirmed that part of the material is indeed 
significantly heterogeneous; this means that precautionary 
measures must be taken to obtain representative samples for 
destructive analysis. In addition, the sampling variability 
due to material heterogeneity was found to be comparable 
with, or greater than, the variability of the operator's 
calorimetric measurements. 

INTRODUCTION 

In December 1994, international nuclear materials 
safeguards were begun by the International Atomic Energy 
Agency (IAEA) on over 500 plutonium-bearing oxide and 
scrap items at Vault 3 of the 2736-Z Building of the 
Plutonium Finishing Plant (PFP) at the U.S. Department of 
Energy's (USDOE) Hanford Site. The PFP is operated for 
the USDOE by the Westinghousc Hanford Company 
(WHC). These materials, originating from the U.S. nuclear 
weapons complex and offered under a U.S. presidential 
initiative to promote nuclear weapons nonproliferation, 
represent the first plutonium placed under IAEA safeguards 
at a former weapons site. 

Sampling and analysis of a variety of plutonium-
bearing items from the IAEA-safeguarded inventory were 
performed during the initial physical inventory verification 
(IPIV). Additional items, not under IAEA safeguards, have 

been measured since the IPIV. The results of these 
analyses are statistically evaluated in this report. 

THE SAFEGUARDED PLUTONIUM 

The dry, powdered plutonium materials present at 
PFP originated from many processes and sources and thus 
possess a variety of textures (particle size and 
homogeneity), chemical forms, and impurities. Because the 
physical and chemical properties can affect the 
reproducibility and accuracy of certain sampling and 
measurement methods, care must be taken to select robust 
methods appropriate to the material diversity. Though the 
operator has thorough knowledge of process history and 
origin of pure site-generated material, information on the 
genesis and composition of scrap or material received from 
offsite is less exact or detailed. The diversity of the 
chemical form and the heterogenous physical form of this 
inventory was anticipated to challenge the precision and 
accuracy of quantitative destructive analytical (DA) 
techniques. 

The purest materials, which would be closest to the 
stoichiometric PuO? composition, originated from 
calcination of Pu oxalate and burning of Pu metal. Though 
these materials are both nominally PuOj, the burned metal 
was heated to higher temperatures than the oxalate and has 
correspondingly larger sintered particle sizes, higher Pu 
concentration, and less (surface adsorbed) water. Residual 
unburned metal also may be present as a source of both 
higher Pu concentration and material heterogeneity. 

Less pure scrap materials present in the safeguarded 
inventory originated from many sources. For example, 
hydrofluorination of Pu0 2 was used to produce PuF4 which 
then underwent calciothermic reduction in MgO crucibles to 
form Pu metal. The presence of PuF4, CaO, CaF2, and 
MgO in some scrap materials therefore is possible. Other 
pyrochemical operations to purify Pu involved molten 
halide salts and Pu metal. The salts (e.g., NaCl), beads of 
Pu metal, and other Pu compounds (e.g., PuOCl) may be 
present in scrap. Process glovebox sweepings, another 
scrap material, contain spilled Pu powders and also include 
other dusts and glovebox debris. Scrap ash arises from 
incineration of gloves, filters, rags, plastic, and paper. The 
ash residues can contain Al, B, Ca, CI, Cr, F, Fe, Pb, Mg, 
Si, Ti, and Zn as impurities in the Pu. 
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SAMPLING, ANALYSIS AND RESULTS 

Item Selection 

The key variables thought to be related to the 
heterogeneity of the plutonium content of the PFP inventory 
items were identified: the plutonium concentration, the 
item net weight, and the a < 0Pu content. A statistical 
sampling design (Latin Hypcrcube) was used to guide the 
selection of items to be sampled to ensure that the items 
covered a wide range of values for each key variable. 

The plutonium materials ranged in concentration 
from 35 to 92 wt% Pu (vs. 88.2 wt% for stoichiometric 
plutonium dioxide, PuOj). The item net weights ranged 
from 200 grams to 2000 grams. From 5 to 17 wt% of the 
total Pu was present as "°Pu. Seven items were selected 
for sampling; one from the IAEA, safeguarded inventory 
and six from similar materials not yet under IAEA 
safeguards. The seven items, and the levels of each key 
variable, are listed in Table 1. All seven items have been 
sampled. However, analytical results (from which the 
degree of heterogeneity of the item will be estimated) have 
been completed only for the first three items in Table 1. 

TABLE 1. ITEMS SAMPLED FOR HETEROGENEITY 

Item ID Pu 
Concentration 

(wt.%) • 

m
 ^Pu Isotopic 

Concentration 
(wt.%) * 

Item SC4 b 75.98 1195 6.492 
Item A 35.71 966 5.355 
ItemB 78.47 675 5.899 
Item C 87.21 1545 12.150 
Item D 60.75 400 8.012 
Item E 86.50 1000 16.336 
ItemF 82.87 307 14.321 

• Data are WHC declared mass and isotopic values, decay 
corrected to 1 Nov 94 
b Item under IAEA safeguards 

Item Heterogeneity 

Materials in each of the seven selected items were 
sampled to determine the heterogeneity of their Pu content. 
The first step was to obtain a core sample from each of five 
randomly selected locations within the item. Sampling 
locations were determined by a perforated circular template 
that was placed on the top of the item container. The 
perforations were centered at five randomly selected points 
on the template. 

Each core sample was crushed, mixed, and then 
poured into a cone-shaped pile on the sampling platform for 
further splitting. The cone-shaped pile was flattened with a 
spatula and divided into halves. Each half was further 
divided into halves. The splitting scheme for each core 
sample is shown in Figure 1. Two of the aliquots were 
placed in sample vials and sent to the WHC Analytical 
Laboratory for chemical analysis. The remaining aliquots 
were retained for preparation of the composite sample for 
the item. This cone-and-quarter technique, which is used in 

soil and ore analysis, is designed to produce representative 
samples of materials (such as soils) having a range of 
particle densities and sizes. 

Each of the ten aliquots (5 locations, 2 samples per 
location) obtained by the cone-and-quarter method was 
analyzed using amperometric titration and each titration was 
performed twice. Blind standards, traceable to the National 
Institute of Standards and Testing (NIST), were measured 
by the WHC Analytical Laboratory concurrently with each 
DA (amperometric titration). The standards data are used 
to estimate the systematic variability of the analytical 
measurement method. The amperometric data for the first 
three items of Table 1 are illustrated (by location) in 
Figures 3 through 5, respectively. These data were used to 
estimate the degree of heterogeneity of the plutonium 
content of each item (sampling variability) and determine its 
significance relative to the underlying analytical variability. 

When samples from Item A were destructively 
analyzed by amperometric titration, a precipitate was 
observed. This is an indication of a potential interference 
in the analytical method. In addition, when aliquots from 
Item A were analyzed by inductively coupled plasma 
spectrometry, both Mn and Cr were identified. These 
elements produce a high bias in the amperometric titration 
method. Dissolved samples from each of the ten samples 
subsequently were analyzed by a quantitative gamma 
spectrometric method (solution counter) that does not suffer 
from these chemical interferences. The solution counter 
results have a smaller relative difference with respect to the 
operator-declared value. 

Analytical and sampling variability (heterogeneity) 
components were estimated using a suitable analysis of 
variance (ANOVA) model. The data used in the ANOVA 
model are shown in Figures 3, 4 and 5. The analytical 
variability component was estimated from the duplicate 
titrations performed for each sample. The two sample 
aliquots obtained from each location were used to estimate 
the within-sample location variability component. Samples 
taken at the five locations were used to estimate the 
between-sample location variability component. Estimates 
of the between-sample location, the within-sample location, 
and the analytical variability for each item are listed in 
Table 2. The three items for which the heterogeneity 
testing is complete are all considered scrap items. 

The precipitation problem, which occurred during 
the amperometric titration of Item A, likely increased the 
analytical variability. Therefore, variance components for 
the solution counter measurements of Item A were also 
calculated and are listed in Table 2. 

An F test was performed to determine whether the 
within-sample location variability is significantly different 
from zero. The F test indicated that the within-sample 
location variability is significantly different from zero (at 
p=0.05) for each of the three items for which the 
laboratory analyses (titrations) are completed. A similar F 
test, performed for each item to determine whether the 
between-sample location variability was significantly 
different from zero, showed a significant difference 
(p=0.05) for Item A. 
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TABLE 2. VARIABILITY COMPONENTS 
BASED ON DA CORE SAMPLE DATA 

Item ID Random 

IRSD* 
(%) 

Random 

IRSD 
(%) 

Random 

IRSD 
(%) 

Systematic 

IRSD 
(%) 

Item SC4 ' 0.22 2.69 « 1.77 0.06 
Item A 
Titration 

Item A Soln. 
Counter 

0.46 

0.75* 

0.58 « 

0.47 

1.15 « 

1.32' 

0.06 

0.2 

ItemB 0.11 1.62 « 0.00 0.06 

* Analytical variability 
* Relative standard deviation, (standard deviation/mean)* 100 
* Within-sample location variability 
* Between-sample location variability 
' Systematic analytical variability (blind standard analyses) 
' Item under IAEA safeguards 
< Statistically significant at the 0.05 level 
* Results based on solution counter counting statistics 

The estimate of the total variability (the within-
sample location variability combined with the between-
sample variability) is plotted with respect to each of the key 
variables in Figures 6, 7 and 8. Conclusions with respect 
to the key variables are not evident for this limited data set. 

Composite Sample Analysis 

A composite sample was prepared for each item 
using material portions split from each core sample. The 
resulting composite samples were crushed, mixed, and then 
split according to the scheme shown in Figure 2 (cone-and-
quarter technique). Two quarter-sample aliquots were 
further divided in half (eighths). 

Two of these subsamples were analyzed in duplicate 
using amperometric titration and mass spectrometry by the 
WHC Analytical Laboratory. Aliquots were prepared (for 
item SC4 only) from the two remaining one-eighth 
subsamples for IAEA and USDOE analysis. An archive 
sample was also prepared from a portion of item SC4's 
composite sample. The archive sample is available for 
analysis to resolve possible differences between the WHC 
chemical analyses and the IAEA chemical analyses. Any 
remaining material (i.e., not placed in sample vials for 
chemical analysis) was returned to the item from which it 
was originally taken. 

The average Pu content of each item was determined 
in two ways; from weighted DA results of the individual 
aliquots and from DA results of the composite samples. 
Results are listed in Table 3. The weighted average was 
based on the mass added to the composite sample from each 
core sample and the individual core sample results. A 95 % 
confidence interval for the weighted average was calculated 
for each item using the variability estimates given in 
Table 2. These confidence limits are given in Table 3. 
The average Pu content as determined from the DA of the 
composite sample is also given in Table 3. 

TABLE 3. COMPOSITE SAMPLE MEAN vs. 
CORE SAMPLES MEAN 

Item ID Wgtd. 
Mean* 

95% UCL 
Wgtd. 
Mean* 

95%LCL 
Wgtd. 
Mean' 

111 
CAL 

Result' 

Item 
SC4* 

78.01 80.49 75.53 78.11 76.14 

Item A 46.24 
(33.72)' 

46.91 
(34.58) 

45 SI 
(32.86) 

46.49 
(33.58) 

35.54 

ItemB 82.14 82.87 81.41 81.90 78.21 

* Weighted Mean is based on the quantity of material 
contributed by each core sample to the composite sample 

* The upper 95% confidence limit was calculated for the 
weighted mean using the variability from the ANOVA 

' The lower 95% confidence limit was calculated for the 
weighted mean using the variability from the ANOVA 

* Calorimeter result divided by the net weight 
* Bern under IAEA Safeguards 
' Values in parentheses represent solution counter results 

For each item, the average Pu content calculated 
from the composite sample results falls within the 95% 
confidence interval for the weighted average from the 
individual core sample results. This is taken as evidence 
that the WHC composite sample methodology provides a 
reliable estimate of the average Pu content of an item. 

Analytical and sampling variability (heterogeneity) 
were estimated from the composite sample data with the aid 
of a suitable ANOVA model. The analytical variability 
component is estimated from the duplicate titrations 
performed for each sample. Because two samples were 
obtained from each composite sample, a within-composite 
sample variability component can be estimated. Estimates 
of the within-composite sample and the analytical 
variabilities are listed in Table 4. 

TABLE 4. VARIABILITY COMPONENTS BASED ON 
DA COMPOSITE SAMPLE DATA 

Data Set 

Random 
» A * 

(1 RSD %) 

Random 
a w * 

(1 RSD %) 
Items SC4, A, and B only 0.5 3.4 
All 19 Items 
(17 IPIV items, A, and B) 

0.3 1.8 

* Analytical variability 
b Within-composite variability 

Similar composite samples (17 total) were prepared 
and analyzed for the IPIV (Welsh et al.1) Item SC4 is 
among these 17 items. The variability components were 
computed for the expanded data set (the 17 IPIV items plus 
items A and B) and are also presented in Table 4. The 
analytical and within-composite sample variabilities in 
Table 4 are similar to the analytical and within-sample 
variabilities shown in Table 2. 
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Variability Estimates - IAEA 

In a collaboration between the IAEA and various 
national and international safeguards organizations and for 
effective safeguarding of nuclear materials, International 
Target Values Q3V) for uncertainty components in fissile 
isotope and element accountancy have been defined 
(Deron et al. 2 ) . The IAEA also maintains a continually 
updated database containing estimates of the random and 
systematic measurement variabilities for the various 
material type and measurement techniques encountered in 
their safeguard activities in facilities worldwide. Table 5 
lists the combined variability (sampling and analytical) as 
determined from this recent sampling event at PFP, the 
relevant ITV for fuels-grade Pu0 2 and MOX scrap as 
determined by the IAEA and others, and the IAEA 
measurement experience statistics. Table 5 also includes 
the variability associated with nondestructive analytical 
(NDA) techniques (calorimetry measurements by the WHC 
operator and neutron based measurements by the IAEA). 

As expected, all variability estimates for scrap are 
greater than those for pure Pu02. In addition, the PFP 
measurement experience shows the variability of the 
operator's calorimetric technique is comparable with, or 
superiorto, the variability of the DA. 

CONCLUSIONS 

Homogeneity cannot be assumed for many of the 
plutonium powder items at Vault 3 of the 2736-Z Building 
of the USDOE's PFP on the Hanford Site now or soon to 
be under IAEA safeguards. The heterogeneity testing has 
confirmed that part of the material is indeed significantly 
heterogenous. This means that precautionary measures 
should be taken to obtain representative samples for DA. 
A core sampling and blending technique employed at the 
IPIV has been shown to be an effective means of acquiring 
representative samples. 

Because calorimetry avoids the significant sampling 
variability associated with DA, the variability of the 
calorimetric technique is comparable with the total 
variability (sampling and analytical) associated with DA. 
On this basis, validation and IAEA use of the operator's 
calorimeter as a substitute for at least a fraction of the 
existing IAEA DA verification requirements may be worth 
considering. According to these findings, such use could 
be accomplished without sacrificing the accuracy and 
precision of the IAEA verification conclusions. 
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TABLE 5. VARIABILITY ESTIMATES 

Source 
PFP Experience 

Random/Systematic 
rrv* 

Random/Systematic 
IAEA Experience 

Random/Systematic Source 
"Pure" Pu0 2 Pu0 2 Scrap Pure Pu0 2 MOX Scrap PurePuC^ MOX Scrap 

DA 
Titration 
Solution Counter 

WHC 
0.2/0.1" 
0.8/0.2 

WHC 
2.6/0.1" 
1.5/0.2 

0.15/0.10 5.1/0.5 0.2/0.1 - 3 / - 1 . 5 

WHC 
Calorimeter 0.34/0.1 0.64/0.1 

s 

HLNC 
USDOE 
IAEA 

- 3 / -
~ 3 / ~ 

- 1 0 / -
no measurements 

1.0/0.50 7.0/3.0 

- 1 / - 0 . 8 ~ 8 / - 3 
LANL/IAEA 3RMC ~ 2 / ~ ~ 8 / - ' 

* Dcron et al. 2. 
" Based on analyses of composite samples. 
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FIGURE 1: CORE SAMPLE SPLIT. FIGURE 2: COMPOSITE SAMPLE SPLIT. 
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FIGURE 5: ITEMB. FIGURE 6: SAMPLING VARIABILITY vs Pu240. 
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