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ATISTRACT 

Quantitative assays of plutonium materials are 
required for plant operations and domestic and 

assays have typically been made using destructive 
analysis techniques (weighing and chemical and 
isotopic concemtmtion measurements). However, 
nondestructive assay techniques based on combined 
gamma isotopic and calorimeter measurements have 
appeal because they are rapid (compared with 
sampling and destructive d y s i s ) ,  accurate, and 
require no sampling. In addition, the nondestructive 

genemtion, and radiological dose. Measurement 
variabilities for destructive nnalysis and 
nondestructive assay techniques have been compiled 
for some pure and scrap plutonium oxide item. 
These items are under International Atomic Energy 
Agency safeguards in the Plutonium Finishing Plant 
operated for the U.S. Department of Energy by the 
Westinghouse Hanford Company. Measurement 
variabilities of International Atomic Energy Agency 
and Westinghouse Hanford Company destructive 
analysis methods were compared with 
Westinghouse Hanford Company calorimeter 
variability. Total measurement variabilities for 
calorimetry were comparable with the combined 
sampling and analytical variabilities of chemical 
analyses for pure materials and were lower for 
heterogeneous scrap. 

intelnational nuclear materipl .wynting. These 

techniques reduce contamination risks, waste 

INTRODUCTION 

In December 1994 and August 1995, ex- nuclear 
materials were verified by the Inte111ati0~1 Atomic 
Energy Agency (IAEA) on an inventory of over 
1,OOO plutonium-bearing oxide and scrap items in 
vault 3 of the. 2736-Z Building of the Plutonium 
Finishing Plant (PFP) on the United States’ 
Department of Energy (USDOE) Hanford Site. 
The PFP is operated for the USDOE by the 
Westinghouse Hanford Company (WHC). These 

materials, originating from the United States’ 
nuclear weapons complex and offered under a 
United States’ presidential initiative to promote 
nuclear weapons nonproliferation, represent the. 
first plutonium placed under IAEA safeguards at a 
former weapons site. 

A variety of nuclear materials measurement 
techniques have been employed by the facility 
operator (WHC) and the IAEA during the two 
physical inventory verifications (PIVs) and at other 
times to determine and verify the quantities of 
plutonium present in the safeguarded inventory. 
Results of these. analyses were statistically evaluated 
nnd are presented in this report. 

THE SAFEGUARDED PLUTONIUM 

The dry, powdered plutonium materials present at 
PFP originated from many processes and sources 
and thus include 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. It was anticipated that the 
diverse chemical forms and the heterogeneous 
physical forms of this inventory would challenge 
the precision and accuracy of quantitative 
destructive analytical @A) techniques. 

The purest materials, which would be closest to the 
stoichiometric F’uq composition, originated from 
calcination of plutonium oxalate and burning of 
plutonium metal. Tbis material is at or near 
product quality and was assigned to the PD stratum 
for inventory purposes. The less pure materials 
(scrap, stratum SC) present in the safeguarded 
inventory originated from many sources (hood 
sweeps, incinerator ash. process residues). The 
origins and descriptions of these material types are 
described in previous reports (e.g., Welsh et al. 1995). 
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SAMPLING AND HETEROGENEmY 
"J%STING 

Sampling 

Seventeen inventory items were selected by the 
IAEA for DA during the first PIV (December 
1994); 11 items were product quality PuOz 
materials (stratum PD); six items were scrap 
material (stratum SC). Because of time constraints, 
only one of these 17 items (an SC item) was 
sampled for heterogeneity testing. Thirteen of the 
17 (eight PD, five SC) were analyzed by the IAEA 
(the remaining four were kept in reserve). All 17 
were analyzed by the PFP Analytical Lpbolptory. 

Six additional items (two PD, four SC). five of 
which are now under IAEA safeguards, were 
sampled by WHC (March 1995) for heterogeneity 
testing. Portions of these six samples were not 
analyzed by the IAEA. 

Seven inventory items (all SC) subsequently were 
selected by the IAEA for sampling during the 
second PIV (August 1995). The IAEA and PFP 
annlyzed all seven samples. 

The sampling procedure was designed to: (1) 
provide a representative sample from the items 
taken for DA; and (2) determine the degree of 
heterogeneity within selected items (powder 
contained in metal cans). The first step in the 
sampling procedure was to obtain a core sample 
from each of five randomly chosen locations as 
determined by a perforated circular template placed 
on the top of the container. 

For the items not selected for heterogeneity testing, 
a composite sample was prepared from the five 
core samples. Each composite sample was 
crushed, mixed, poured in a cone-shaped pile, the 
pile flattened with a spatula, and then split into 
halves and then quarters. Two quarter-sample 
portions were further divided in half (eighths). 
Two of these eighths were analyzed in duplicate 
using amperometric titration and mass spectrometry 
by the PFP Analytical Laboratory. A one-eighth 
portion also was retained for IAEA analysis. This 
cone-andquarter technique, which is used in soil 
and ore analysis, is designed to produce 
representative subsamples of materials (such as 
soils) having a w g e  of particle densities and sizes. 

The seven items selected for heterogeneity testing 
represented the broad range of material properties 

under IAEA safeguards. For these items, each 
core sample was divided into halves by the cone- 
andquarter technique. One of the halves was used 
to prepare a composite for each item (the IAEA 
measured one of these composites by DA). The 
other half was divided into two equal subsamples; 
each subsample was placed in a separate vial and 
analyzed by the PFP Analytical Laboratory for Pu 
concentration by amperometric titration. 

Item Heterogeneity 

The PFP Analytical Laborptaty's amperometCic 
titration data were used to estimate the plutonium 
concentration heterogeneity of the seven selected 
items (sampling variability) and determine the 
significance of the sampling and analytical 
variabilities. The analytical and sampling 
variability components were estimated using 
analysis of variance (ANOVA) methods. 

The analytical variability compwent was estimated 
from duplicate titrations performed for each 
subsample. The data from two subsamples taken 
from each core sample were used to estimate the 
within-sample variability component. Data from 
core samples taken at the five locations were used 
to estimate the betweenaample variability 
component. Estimates of the between-sample, the 
within-sample, and the analytical variability for 
each item are listed in Table 1. 

Insoluble residue, a potential analytical 
interference, was observed when Item SC7 
subsamples were dissolved for amperometric 
titration. In addition, both manganese and 
chromium (which produce a high bias in the 
amperometric titration) were found by inductively 
coupled plasma spectrometry in subsamples of 
Item SC7. Dissolved portions from each of the ten 
SC7 subsamples then were analyzed for plutonium 
concentration by quantitative gamma spectrometry 
(solution counter). The solution counter does not 
suffer from these chemical interferences. The 
variance components for the solution counter 
measurements of Item SC7 were calculated 
(Table 1). A faint purple color, indicating the 
presence of manganese, was observed in 
subsamples dissolved from Item SC9. Again, 
dissolved portions from each of the ten subsamples 
were analyzed by the solution counter. Variance 
components for the solution counter measurements 
of Item SC9 are listed in Table 1. 
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Item ID 

The data in Table 1 show that the analytical 
variability for ampe.mmetric titration ranged from 
0.11%toO.46%(IternSC7). Thereaidue,which 
appeared during the dissolution of Item SC7, was a 
l i l y  cause of the increased analytical variability. 

TABLE 1. Pu CONCENTRATION VARlABILITY 
COMPONENTS - HETEROGENElTY TESTING 

Random Random Random 

1 RSD (%) 1 RSD f%) 1 RSD 1%) 
Q * tw = 6. 

?itration 

SC7 - 0.75 ' 1.22 * 1.95' 
Soh. Cnt. 
SC8 0.11 1.62' 0.00 
sc9 - 0.13 1.15' 0.35 
Titration 

sc9 - 0.75' 2.25' 2.00 
Soh. Cnt. 
SC10 0.18 0.28' 0.34 

. .  . ,  ~, 

0.24 1.98' 3.12' lbzr- 1 0.46 1 0 . 5 8 '  1.15. 4 

PD12 I 0.14 I 0.25' [ 0.00 
PD13 I 0.17 I 0.15 1 0.25 

Analytical variability 
Relative standard deviation, 

Within-sample variability 
Between-namplc variability 
Statistically signifmt at the 0.05 level 
Item not cumntly under IAEA safeguards 
B a d  on solution counter counting atatistics 

(standard dcviation/mcan) x 100% 

Composite Sample Analysis 

Analytical and sampling (within-composite) 
variability components were estimated from the 
PFP composite measurements (amperometric 
titrations and mass spectrometry) using ANOVA 
techniques. The analytical variability component 
was estimated from the duplicate measuremts 
performed for each composite subsample. Because 
two subsamples were obtained from eacb 
composite, a withincomposite variability 
component also could be estimated. Estimates of 
the witbin-composite and the analytical variabilities 
by material type ace listed in Table 2. The 
analytical and within-composite variabilities in 
Table 2 for nmperometric titration are similar to the 
analytical and witbin-sample variabilities shown in 
Table 1. 

TABLE 2. Pu AND ISOTOPIC 
VARIABILITY COMPONENTS ~ 

PPP COMWSm SAMPLE DA DATA 

* Analyticalvariability 

The plutonium content for each item sampled for 
heterogeneity testing was calculated two ways; 
using the average from DA core sample data and 
the average from composite sample DA data. A 
hypothesis test comparing the two means was 
performed for each item. The hypothesis of 
equality of means was not rejected at the 0.05 level 
of significance for these seven items. This is taken 
p8 evidence that the PFP cone-andquarter 
technique provides material representative of the 
average plutonium content of the sampled item. 

Non-Destructive Analyses 

Nondestructive assays (NDA) were performed by 
the PFP Analytical Laboratory on each of the items 
sampled for DA. The NDA measurements 
consisted of gammn isotopic and calorimeter 
mearurements. The IAEA performed gammn 
isotopic measurements on most of these items. The 
isotopic nnalyse~ are required to determine 
plutonium mass based on the PIT calorimeter 
measurements and IAEA coincident neutron 
PnalyseS. 

Whin-mmpositc vmkbility 

Comparison of the Variability Estimates 

International target values (ITV) for uncertainty 
components in fissile isotops and element 
measurements have been defined peron er al. 
1994). The IAEA also maintains a continually 
updated database containing estimatcs of the 
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random and systematic variabilities for the various 
material types and respective meammment 
techniques used in their worldwide safeguard 
activities. Table 3 lists the combiied variability 
(snmpling and analytical) M deterrmned ' from-t 
rxasurements at PFP, the IAEA measurement 
experience statistics, and the relevant ITV for fuels- 
grade PuQ and plu toni~uranium mixed oxide 
( M O T  scrap. As can be 8e+n from Table 3, the 
PFP DA measurement vnripbilities agree with those 
experienced by the M A .  For comparison 
purpcys, Table 3 also includes the variability 
essoclated with the PFP isotopiclcalorimeter 
measurements. 

As expected, all variability estimates for scrap are 
greate.r than those for product quality PuO,. In 
addition, the PFP measurement experience shows 
tbnt the variability of the PFP isotopiclcalorimeler 
technique is comparable with the total DA 
variability for product quality materials and is 
clearly superior to the total DA variability for 
scrap. 

ITEM COMPARISONS 

Grams Pu 

To evaluate further the performance of the PFP 
calorimeter, the PFP isotopiclcalorimeter 
measurements were compared with the PFP DA 
m l t s  (13 PD items and 17 SC items). The PFP 
DA results were also compared with the IAEA DA 
results (8 PD items and 12 SC items). The 
measurement results, in tenns of relative difference 
with respect to the PFP DA results, are listed in 
Table 4. Relative difference is defined: 

Rel. diff.(%) = PFP DA - XlW (1) 
PFP DA 

where Meas. is either the IAEA DA result or the 
PFP isotopic/calorimeter result. The relative 
differences for the PD and SC strata are illustrated 
in Figures 1 and 2, respectively. 

PFP DA versus IAEA DA 

The relative differences between PFP and IAEA 
DA results for eight PD items, listed in Table 4, 
range from -0.22% to 0.30%. The average relative 
difference is 0.05 % with a standard deviation of 
0.19%. The relative differences behveen PFP and 
IAEA DA results for 12 SC items, listed in 

Table 4, range from -2.99% to 3.8316, averaging 
0.58% with a standard deviation of 2.41 %. If the 
IAEA archive sample data are used for item SC11, 
then the relative differences m g e  from -2.99% to 
6.93%, averaging 1.38% with a standard deviation 
of 2.80%. The higher variability cvideot in the 
scrap materials is attributed to material 
heterogeneity. The statistics indicate thnt the PFP 

different. 

PFP DA versus PFP IsotouiclCalorirneter 
Measurements 

The relative differences W e e n  the PFP DA d 
PFP isotopiclcalorimeter pssay remlts of the 13 PD 
items range from -1.29% to 0.93%. The average 
relative difference is 0.03 % with a standard 
deviation of 0.52%. Solution counter DA results 
are d for items SC6, SC7, and SC9 because of 
the ampemmetric titration interferences known to 
be p-t in theae items. Note that the solution 
counter results agree more closely with the 
isotopic/calorimeter data than do the ampemmetric 
titration results. The relative differences between 
the PFP DA (titration and solution counter) and 
PFP isotopic/calorimeter assay results for the 17 
SC items range from -5.94% to 7 .581 ,  averaging 
0.86% with a standard deviation of 2.86%. Again, 
the scrap results show higher variability than the 
product results. The statistics indicate that the PFP 
DA and PFP isotopic/calorimeter results are not 
significantly different. 

and IAEA DA m l t s  a not significantly 

Isotopic Analyses 

Isotopic analyses are used in several ways to 
determine plutonium mass. Mass spectrometry DA 
establishes the Pu atomic weight which, with 
titration data, gives Pu mass. 

Coincident neutron NDA use8 the gamma isotopic 
mass fraction (MF) values of the even-numbe.d 
isotopes (which emit neutrons from spontaneous 
fission) to calculate the effective 2op, mass fraction 
*) us in equation 2. The Pu mass then is 
calculated by equation 3 using coincident neutron 
measurements of %& mass. 

%, = 2.52XMF, + 
l .WxMF, + 
1.68xMF, 

(3) 

4 
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halyticalT=hniquc 
DA - Titration 

TABLE 3. Pu MASS VARIABILITY ESTIMATES 

II I PPPExpaiencC I IAEAExpenence I ITV' II 
RmdodSyrtematic Rmdom/Syrtcmntic RmdodSyrtcdc 
Roduct Scrap Pure MOX Purc MOX 

0.2'lO.l 12.4'10.1 0.2/0.21 -31-1.5 0.15/0.1015.1/0.5 
Puo, Puo, puo, Scrap Puo, scrap 

* Dcmn et ai. 1994 
' Bud on lnalynu of composite urnplea 

Isotopic/calorimeter NDA of plutonium requirep the 
isotopic abundances of all h isotopea and the 
abundance (relative to total Pu) of x'Am. These 
values are determined by gamma measurements. 
The abundance values, and the specific power of 
each nuclide, are used to calculate the effective 
specific power (ESP) as in equation 4. Short-lived 
alpha- emitting isotopes have the strongest influence 
on the ESP. The calculated ESP for an item then 
is combined with the calorimeter-meanued thermal 
power to determine Pu mass (Equation 5). 

ESP ( W l g  Pu) = 5.6757E-O1XMF, + 

7.0824E-03 XMF, + 
3.412E-03 XMF,, + 
1.159E-04XMF5 + 
1.142E-01 XMF.,, 

1.9288E-03xMF, + 

(4) 

The '%J cannot be measured by gamma 
measurements of Pu isotopics and is assigned a 
value with an isotopic correlation algorithm. Note 
that the =Pu and WP, values, which have 
relatively high variabilities, influence the ESP value 
less than the value. 

The relative differences between the atomic weights 
determined from the PFP and IAEA mass 
spectrometric isotopic measurements were 
calculated (Figure 3). Similarly, the relative 
differences between the ESP and "h values 
based on the PFP and IAEA gamma isotopic 
measurements were calculated (Figure 4). 

PFP Mass Smtrometrv versus IAEA Mass 
Smtrometry 

The relative differences of the atomic weight for 
eight product items range from -O.CMkIO% (for 
PD11) to 0.00016% (Figure 3). The average 
relative difference is -0.OOCG€M2% with a standard 
deviation of 0.0001896. The relative differences 
for 12 scrap items range from -0.oooO75% to 
0.0014% (for SCl), averaging 0.000095% with a 
standard deviation of O.O0041%. For both PDll 
and SCI. the atomic weight difference is dominated 
by the MF of the principal isotope, %. These 
differences, though significant, have negligible 
influence on the Pu mass determination when 
coupled with amperometric titration. 

PFP Gamma Isotooics versus IAEA Gamma 
Isotouics 

The relative differences for T,, from the 13 
product items range from -2.44% to 2.03% 
(Figure 4). The average relative difference is 
-0.35% with a standard deviation of 1.42%. The 
relative differences for 14 scrap items range from 
-1.64% to 3.09%. averaging 0.12% with a 
standard deviation of 1.21 96. 

The relative differences for ESP from the 13 
product items range from -0.52% to 1.50%; 
averaging 0.45 % with a standard deviation of 
0.53 % . The relative differences for 14 scrap items 
range from -0.83% to 1.54%. averaging 0.21% 
with a standard deviation of 0.59 96. 

As shown in Figure 4, the ESP data have smaller 
variability than the "%, data. This is expected 
because the =Pu and %Tu mass fractions have 
much less influence on the ESP values than they do 
on the %en values. 
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TABLE 4. MEASUREMENT RESULTS BY ITEM 

PFP ampcrom&c titration (ASTM 1992) 
IAEA titration (Macdonald and Savage 1979) 
PFP calorimeter measurement (ANSI 1987) nnd 

gamma isotopics 
* Not analyzed by IAEA DA 

' IAEA DA of archive 
PFP gamma spectrometric (solution counter) result 

CONCLUSIONS 

The results show that m y  of the PU powder items 
in vault 3 of the 2736-2 Building of the USDOE's 
PFP on the Hanford Site are. heterngeneam This 
is particularly true of the scrap stratum. Therefore, 
preautions should be. taken to obtain representative 
samples for DA. A core sampling and blending 
technique employed at the PIVs is found to be 
effective in acquiring representative samples but 
within-sample variability still exists. 

The results also show that if the sampling 
variability is incorporated with the DA analytical 
variability, the combined DA variability is no better 
than the variability in the isotopic/calorimeter 
measurements. Comparison of the solution counter 
and titration data confirms that the DA of scrap is 
subject to interferences, the presence of which are 
generally unknown. Without prior purification 
steps (which themselves contribute to measurement 
variability), chemical titration can give unreliable 
r d t s  for impure items. For highly impure and 
heterogeneous "rap materials, with possible 
electrochemical interferences (e.g., Mu, Cr, V, Pb) 
or insoluble residues, dissolution and Pu solution 
counting by gamma spectrometry is an attractive 
alternative analytical method. However, sampling 
problems would still exist. 

The exposure, expense. unknown interferences, and 
heterogeneity asrociated with DA, along with the 
demonstrated accuracy of calorimetry, make 
calorimetry the PFP method of choice for 
nccountability measurements of plutonium materials 
in storage. Use of PFP calorimeters by the IAEA 
ps an alternative to DA for precise plutonium 
measurements (including means for independent 
IAEA validation of the PFP calorimeter systems) is 
being developed. 

Despite the merits of the various NDA methods 
(including calorimetry), sampling and DA provide 
demonstrably independent determinations of bulk 
material quantities and thus remain necessary 
components of the IAEA verification requirements. 
Verification by DA is also a central component to 
the IAEA validation of the PFP calorimeter system 
proposed for safeguards use. 

6 



WHC-SA-3039-FP 

2.0 

1.1. 

1.0. - - 
e g 0.0- 

f 1-5- 
-1.0. 

-1.5. 

- - -  . .  
. I  - 

- 2 . 0 . .  1 1 . .  . 1 . .  . . . 

FIGURE 2. 
RELATIVE DIFFERENCES 

Pu MASS - SCRAP STRATUM 
a.0 

1.0 

I 

FIGURE 3. 
RELATIVE DIFFERENCES 

ATOMIC WEIGHT - MASS SPECTROMETRY 
0.0015 

0.0010 

FlGURE 4. 
RELATIVE DIFFERENCES 

ESP and - GAMMA ISOTOPICS 

REFERENCES 

ANSI N15.22-1987, 1987, "Plutonium-Bearing 
Solids Calibration Techniques for Calorimetric 
Assay,' American National Standards Institute, 
Inc., New York, NY, USA. 

ASTM C698, 1992, 'Standard Test Methods for 
Chemical, Mass Spectrometric, and 
Spectrochemid Analysis of NuclearGrade Mixed 
Oxides ((U, Pu)OJ,' American Society for Testing 
d Materials, Philadelphia, PA, USA. 

Deron, S., E. Kuhn, C. Pi&, T. AdPChi, 
S. G. De Almeida, P. Doutreluingne, S. Guar&, 
P. DeBibvre, K. Iwamoto, J. L. Jaech, R. Schott, 
H. Wagner, and R. Weh, 1994, "1993 International 
Target Values for Uncertainty Components in 
Fissile Isotope and Element Accountancy for the 
Effective Safeguarding of Nuclear Materials," 
Journal of Nuclear Materia& Management, J ~ ~ a t y  
1994, pp. 19-35. 

Macdonald, A., and D. J. Savage, 1979, 
"Plutonium Accountancy in Reprocessing Plants by 
Ceric Oxidation, Ferrous Reduction and 
Dichromate Titration," Nuclear Safemrds 
Technoloev 1978, International Atomic Energy 
Agency, Vienap. Austria, Vol. 1. pp. 651.663. 

Welsh, T. L., L. P. McRae. C. H. Delegard, 
A. M. Liebetrau, W. C. Johnson, W. Theis, 
R. J. L e d r e ,  and J. Xiao, 1995, "Comparison of 
NDA and DA Measurement Techniques for Excess 
Pu Powders at the Hanford Site: Statistical Design 
and Heterogeneity Testing' INMM 3 6  Annual 
Meeiing Proceedings, July 1995, Vol. XXIV, 
pp.533-538. 

7 



. WHCSA-3039-FP 

DISTRIBUTION 

OFFSITE Wmational Atomic Enerev Aeency 
P.O. Box 100 

7 A-1400 Vienna, Austria 

J. Aragon 
P.-M. De Ridder (2) 
R. J. Lemaire (2) 
W. Theis 

Internatio nal Atomic Enerpv Aeency 
Regional Office (Canada) 
Suite 1702, Box 20 
365 Bloor St. East 
Toronto, Ontario 
Canada M4W 3L4 

J. Xiao 

ONSITE U.S. Deuartment of Energy 
Richland ODerat ions Office 

W. C. Johnson 
A. B. Joy 
A. C. Walker 

Pacific North west Laboratory 

A. M. Liebetrau (2) 

Westinghouse Hanford Comuanl 

E. S. Baker (2) 
W. D. Bartlett 
E. W. Curfman 
C. H. Delegard (2) 
D. M. Fazzari (2) 
B. R. FitzPatrick 
G. B. Griffin 
R. A. Hamilton (2) 
S. T. Hurlbut (2) 
I. R. Jewett 
L. P. McRae (15) 
D. D. Scott 
T. L. Welsh (5)  
G. A. Westsik 
DPC 

43 
A6-35 
R3-79 
A6-35 

K5-12 

T5-06 
T5-50 
T5-06 
T6-09 
T5-06 
T4-40 
T6-16 
T5-06 
T5-06 
T6-09 
T4-40 
14-11 
T6-07 
T5-06 
A3-94 

8 


