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ABSTRACT

The performance of the skid-mounted tomographic gamma scanner (TGS) on Rocky Flats
Environment Technology Site residues containing macroscopic lumps of plutonium has been
determined. The TGS/FRA.M random error was quantified using the scatter of replicate
measurements about the corresponding mean (average) values. FRAM is a gamma-ray spectrum
analysis code and is used in conjunction with TGS emission spectra to determine the ratio between
the total plutonium and the 239Puwithin a given container. The bias error was obtained by
comparing TGS/FRAM measurements of the total plutonium content of cans to the corresponding
values obtained by calorimetric assay (Cal/gamma). The random error, bias error, and total
measurement uncertainty (TMU) for MSE residues in cans were found to be approximately 6.3°/0,
7.3Y0, and 9.6Y0, respectively. TGS scans of a 133Basource in 55-gallon drums containing various
matrices were analyzed using different spatial response maps. If the spatial response maps are
accurate to within 1 cm then the TMU for a range of matrices, with axial densities up to about 50

Y
cm2, is -7. 5°/0. This TMU is a little less than the value extracted for MSE residues because the

33Ba assay requires no lump corrections and no conversion from the 133Bamass to the total Barium
mass, and because the extracted MSE TMU includes a component due to the uncertainty of
Cal/gamma measurements.

INTRODUCTION

This document describes various sources of tomographic gamma scanning errors and quantifies the
random error and bias error for Rocky Flats Environment Technology Site (lWETS) molten salt
extraction (MSE) residues measured in cans on the skid-mounted tomographic gamma scanner
(TGS). The random error was quantified using the scatter of replicate measurements about the
corresponding mean (average) values. The bias error was obtained by comparing TGS/FRAM
measurements of the total plutonium content of cans to the corresponding values obtained by
calorimetric assay (Cal/gamma). FW[ 1] is a gamma-ray spectrum analysis code that is used to
analyze TGS emission spectra to determine the ratio between the total plutonium and the 239Pu
within a given container, The bias error should not be confused with a global bias where the
average measurements from many different samples are all a fixed percentage difference from the
corresponding true values. If the global measurement bias is zero, then the average bias error for a
large number of different samples will be zero. If the Cal/gamma errors are assumed to be zero,
then the extracted TGS/FRAM bias error would exist solely because of the TGS/lWQvl bias errors.
Although small, the Cal/gamma errors are not zero and will contribute to the extracted bias error.
The extracted bias error can thus be viewed as a slight overestimate of the TGS/FRAM bias error.



CHARACTERISTICS OF MSE RESIDUES

MSE residues contain a mixture of Pu, Am, Mg, KCI, NaCl, and MgC1. The high-alpha emission

rates in these samples in conjunction with the low-Z materiaIs leads to high-( cz,n) neutron emission

rates. High-(a,n) neutron emission rates can cause large errors in neutron-based assay techniques.
Although calorimetric techniques can be used to accurately assay the-plutonium contained within
MSE residues, the measurement times can be greater than 24 hours because of the highly insulating
properties of the salts. Because of these problems it was decided that a gamma-ray nondestmctive
assay method should be considered as a possible solution for measuring RFETS MSE residues
bound for the Waste Isolation Pilot Plant (WIPP). The MSE residue stream has, however, several
properties that can lead to sizable measurement errors if many of the gamma-ray assay techniques
presently in common use throughout the Department of Energy complex (e:g., segmented gamma
scanning) are used in this case. These errors include (1) gamma-transmission errors that occur
because only a fraction of the waste drum is scanned (e.g., axial sampling errors), (2) matnx-
inhomogeneity errors, (3) source-distribution errors, (4) end-effects errors, and (5) errors introduced
by self-attenuation of emission gamma rays by macroscopic lumps of the isotope(s) of interest.

These errors are significantly reduced if drums (or cans) are assayed using a TGS. TGS measures
the transmission and emission gamma rays with waste containers at many heights, rotations, and
displacements relative to the transmission source and detector locations. This enables the
generation of 3-D images of both the gamma-ray attenuating and emitting properties of each
scanned waste container. The observed emission rates of the isotope(s) of interest can then be
corrected for both arbitrary matrix and source distributions[2]. If one of the isotopes of interest is
239Pu, then the difference in the assay results obtained using the 129-keV, 204-keV, 345-keV, and
4 14-keV emission energies can be used to correct for the self-attenuation of these gamma rays.

MAJOR SOURCES OF UNCERTAINTY IN GAMMA-RAY NDA MEASUREMENTS

Qualitative estimates of the size of the various TGS/FRAM errors are given in Table I. These
qualitative estimates should only be viewed as rough guides and are based on the experience of the
developers of the Los Alamos TGS systems for residues containing modest amounts of lump y
plutonium in matrices with areal densities less than -30 g/cm2. Quantification of the combined
effect of these errors, specifically for RFETS MSE residues measured with a TGS, is given in the
following section. The 1-sigma total measurement uncertainty is expected to be -8Y0. This
estimate of the total measurement uncertainty (TMU) was obtained by adding, in quadrature, the
total random and bias errors given in Table I. This estimate of the TMU should only be viewed as a
rough guide, as the true TMU of any specific situation will depend on the details of the waste
stream, the geometry of the chosen TGS, and the container size. For challenging waste streams,
with possible dense inclusions and densities from 15 to 40 g/cm2, the TMU could vary from -5°/0 to
-1 O’YO.For less challenging material, with densities< 15 g/cm2, it is possible for the TMU to be less
than 50A.
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Table I. Summary of TGWFRAM errors that contribute
significantly to the random errors and bias errors of the
measured total plutonium mass within drums (cans)
containing a combination of plutonium diffisely mixed with
the matrix material and plutonium metal shot.

Error type Random error (’Yo) Bias error (’XO)
1

Counting statistics 2 0
FIL4M Isotopics 1 0

8 3

Self-absorption 3 3 1

Gamma-transmission 1 1

Matrix-inhomogeneity 3 3

Source distribution I 2 I 4 1

End effect 1 1

Calibration o 1

Total 5 6

QUANTIFYING THE SIZE OF THE TGS/FRAM MSE ERROR

To quanti~ the combined effect of the above-discussed random and bias errors, 241 TGWFRAM
measurements were selected from a RFETS TGS database. These 241 measurements were of the
total plutonium content of 109 MSE waste samples in cans and all have a corresponding total
plutonium value obtained from Cal/gamma. To quanti~ the random errors the follow equation was
used:

-E%kxlx’”%RI?(76)– (1)

ILE(’XO)is the percents e random error, N, is the number of samples, Ni is the number of
%

measurements of the it sample, N is the total number of measurements, XUis thejth measurement of
the ith sample, and xi is the average measurement of the ith sample.

Bias is defined as the difference between the mean measurement result and the true value for the
waste container, The percentage bias can be estimated using the expression,

BE(%) = JWS(%)2–RE(%)2, (2)

where RMS(O/O)is the root-mean-squared percentage difference between the individual
measurements and the corresponding true values. The RMS(O/O)is defined as



*

(3)

Since the RMS(YO)defined in Eq. 3 is a measure of the percentage difference between assay values
and the corresponding true values, it is thus also an estimate of the percentage TMU. Equation 2 is
only valid if the bias error averaged over a large number of samples is small. This can be easily
checked by comparing the sum of the average measurements for each sample to the sum of the
corresponding true values.

When Eqs. 1,2, and 3 are applied to the 241 TGS/FRAM measurements and the corresponding 109
Cal/gamma results, the TGS/FRAM random error, bias error and TMU, for MSE waste are found to
be 6.3%, 7.3%, and 9.6’?40,respectively. Figure 1 shows the number of individual TGS/FRAM
measurements, from the above-discussed data set, as a function of the relative difference between
the TGS/FRAM and Cal/gamma values.
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Fig. I. The number of individual TGS/FR4M measurements as a function
of therelativediference between the TGS/FR4M and CaI/gamma values.

The solid line in Fig. 1 shows a fitted Gaussian distribution with a standard deviation of 9Y0. The
chi-squared per degree of freedom for this fit is 1.1, and confirms that the TGWFRAM TMU is
Gaussian in nature with a l-sigma value of -9%.

Figure 2 shows the average TGS/FR4M measurements for all 109 samples considered in the
present study versus the corresponding Cal/gamma values. The sum of the average TGS/FRAM
plutonium measurements of these 109 samples is 14737 ~ 128 g. The sum of the corresponding
Cal/gamma
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Fig, 2. Average TGWFRAM measurements for the total plutonium

contained in MSE waste cans versus the corresponding Cal/gamma
values.

results is 14823 g. The excellent agreement between these two sums confirms that the calibration
error is very small. The errors shown in Fig. 2 and the inventory sum error were determined using
the TGS/’FRAM random and bias errors for total plutonium content of MSE waste of 6.3% and
7.3Y0, respectively.

TGS SPATIAL-RESPONSE MAPS

To create 3-D images of the gamma-ray emitting properties of waste containers, TGS systems must
contain 3-D spatial response maps that characterize the efficiency of the combined Ge detector and
collimator system. These maps are proportional to Monte Carlo modeled gamma-ray detection
rates for a number of source energies and positions. [3] These source energies must span the range
of the emission energies to be assayed. The points in the spatial response maps must span the
intersection of the sensitive volume and the volume swept out by containers during the scans.
Figure 3 compares some of the elements of a calculated spatial response map to measurements
made of the detection rate of356-keV gamma rays from a ‘33Ba source. These measurements were
made with a ‘33Ba source placed at various positions along a horizontal line (at the same height as
the Ge detector) and in the plane swept out by the center of rotation of containers scanned on the
prototype TGS located at the Los Alamos National Laboratory. The solid line shows the modeled
response with the Ge crystal in its correct location. The dotted and dashed curves show the
modeled response with the Ge crystal shifted away from this correct location (in the horizontal
plane) by 0.45 cm and 1.34 cm, respectively. These shifts in the Ge crystal position cause the
corresponding modeled spatial-response maps to be shifted from the true spatial response by 0.9 cm
and 3.0 cm, respectively, in the plane swept out by the center of rotation of the scanned containers.



To assess the required accuracy of TGS spatial-response maps, a 50-pCi 133Basource was placed at
various locations within simulated 55-gallon waste drums with average axial densities ranging from
13 g/cm2 to 46 g/cm2. These drums were then scanned with the prototype TGS. All scans were
analyzed with spatial-response maps calculated with the Ge crystal in the correct location, and
shifted by 0.45 cm and 1.34 cm in the horizontal direction. These calculations led to spatial-
response maps that were shifted relative to the true response by 0.0 cm, 0.9 cm, and 3.0 cm in the
plane swept out by the center of rotation of the scanned containers. These results are summarized in
Table II. The TGS was calibrated using a single scan of the same 133Basource located 4 inches
from the central axis, at the mid-height of an empty 55-gallon waste drum,

~locations
within simulated 55-gallon waste drums, with three different sets of spatial-response

{
ma s. The spatial-response maps labeled SRM 1, SRM2, and SRM3 were shifted relative
to t e true response by 0.0 cm, 0.9 cm, and 3.0 cm, respectively, in the plane ~~ept out
by the center of rotation of the scanned containers. The results are in units of Ba
sources. Also given are the matrix masses, the avera e axial density including the drum

fwalls (P), and distance of the source from the centra axis of the drum (X).... .

Matrix
Description Mass (lbs)

Polyethylene 80
tubes

I

!4 polyethylene I 170
beads*

Ez!E+E
Average result

.,

Results (number of sources)

p (~cm2) X (inches) SRM1 SRM2 SRM3

14 0 1.027 1.053 1.072
5 0.980 0.969 0.915
9 1.043 1.001 0.922

26 0 1,135 1.145 1.146
3’ 1.022 1.015 0,967
4 0.984 0.956 0.894
5’ 0.929 0.913 0.857
5 I 0.941 0.940 I 0.848
8t I 1.098 1.057 I 0.961
8 0.982 0.953 0.887
10+ 1.032 0.976 0.868
10 0.971 0.925 0.817

28 0 1.068 1.103 1.135
8 0.857 0.838 0.778

46 0 0.994 1.033 1.082
8 1.138 1.061 0.962

1.013 0.996 0,944
Root mean squared difference from true value of 1.00 10.074 I 0.076 10.122

* The half-polyethylene bead drum was constructed by duct-taping a cupboard partition vertically down the middle of a
55-gallon drum, and then filling one side of the drum with polyethylene beads. Because of the weight of the beads, the
cupboard partition bowed about 2 inches in the middle, This drum was really a little more then half-filled with
polyethylene beads.
i 133Basomce in the polyethylene beads.



The results in Table II show that if the spatial-response maps are off by 3.0 cm then the accuracy is
noticeably reduced. If, however, the spatial-response maps are off by less than 1 cm then no
significant drop in performance is seen and the total measurement uncertainty for assaying 1‘3Ba in
55-gallon drums with areal densities less than 50 g/cm2 is -7.5°/0.

SUMMARY

The random errors, bias errors, and TMU for the total plutonium content of MSE waste in cans have
been estimated using a total of 241 TGS/FRAM measurements of 109 samples and the 109
corresponding Callgamma results. The TGSIFRAM errors were extracted assuming the Cal/gamma
results were the true values. The quoted TGS)FRAM bias error and TMU will be slight over-
estimates because of the presence of errors in the Cal/gamma results. The TGS/FRAM random
error, bias error, and TMU for MSE waste ih~cans were estimated to be 6 .3°/0, 7.3°/0, and 9.6°/0,
respective y. The performance of tomograpfiic gamma scanning as a function of the accuracy of the
spatial-response maps was investigated. It was found that if the spatial-response maps are accurate
to within 1 cm, then no significant increase is seen in the assay uncertainty. The total measurement
uncertainty for 133Bain 55-gallon drums with areal densities less than 50 g/cm2 is -7.5Y0. If this
133BaTMU of 7.5% is added, in quadrature, to the expected errors associated with plutonium lumps
and isotopic ratios from Table I then an expected TMU for lumpy plutonium in 55-gallon drums of
8.7% is obtained. The closeness of this value to the TMU for the plutonium content of MSE waste
in cans measured with the skid-mounted TGS suggests that tomographic gamma scanning errors are
relatively insensitive to tomographic gamma scanning geometry and container size.
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