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I. Introduction

The Mixed Waste Focus Area (MWFA) Characterization Development
Strategy delineates an approach to resolve technology deficiencies associated
with the characterization of mixed wastes. The intent of this strategy is to
ensure the availability of technologies to support the Department of Energy’s
{DOE) mixed waste low-level or transuranic {TRU) contaminated waste
characterization management needs. To this end the MWFA has defined and
coordinated characterization development programs to ensure that data and
test results necessary to evaluate the utility of non-destructive assay
technologies are available to meet site contact handled waste management
schedules. '

Requirements used as technology development project benchmarks are
based in the National TRU Program Quality Assurance Program Plan. These
requirements include the ability to determine total bias and total
measurement uncertainty. These parameters must be completely evaluated
for waste types to be processed through a given nondestructive waste assay
system constituting the foundation of activities undertaken in technology
development projects. Once development and testing activities have been
completed, Innovative Technology Summary Reports are generated to



provide results and conclusions to support EM-30, -40, or ~60 end
user/customer technology selection. The Active and Passive Computed
Tomography non-destructive assay system is one of the technologies selected
for development by the MWFA.

Lawrence Livermore National Laboratory’s (LLNL) is developing the
Active and Passive Computed Tomography (A&PCT) nondestructive assay
(NDA) technology to identify and accurately quantify all detectable
radioisotopes in closed containers of waste. This technology will be applicable
to all types of waste regardless of their classification; low level, transuranic or
mixed, which contains radioactivity and hazardous organic species. The scope
of our technology is to develop a non-invasive waste-drum scanner that
employs the principles of computed tomography and gamma-ray spectral
analysis to identify and quantify all of the detectable radioisotopes. Once this
and other applicable technologies are developed, waste drums can be non-
destructively and accurately characterized to satisfy repository and regulatory
guidelines prior to disposal.

ILA General Background

Most DOE sites that support defense programs have had, and some
continue to have operations, that include processing of uranium (U) and/or
plutonium (Pu) over the past 50 years. They require the use of several
technologies that will enable them to identify and quantify the radioactive
content within waste containers such as 208-liter drums (55-gallon) and other
sizes.[QAP96) Preferably, as many waste containers as possible will be assayed
non invasively, because the analysis cost per opened container is
prohibitively expensive. Categories for wastes containing radioactivity
include contact-handled TRU, low level (LLW), or mixed. DOE's major
decontamination and decommissioning (D&D) effort will also generate
radioactive wastes that must be categorized as TRU, LLW, or mixed. Such
wastes also exist within the nuclear power industry,{LEV95] thus, the
computed tomography technology, once developed, can be utilized in
industrial sectors to properly characterize their radioactive wastes.

The non-destructive waste assay capability needed to support the DOE’s
contact-handled mixed waste characterization is a function of the waste forms
in inventory. These waste forms exhibit a number of variables that impact
assay system response and must be taken into accounted in order to ensure
valid measurements. Such variables include; matrix density, matrix
elemental composition, matrix density distribution, radionuclide and isotopic
composition, physical and chemical form of the radioactive material, and
their distributions within the waste matrix. Certain combinations of these
variables result in waste configurations within the assay capability of one or
more of the existing NDA systems. Other combinations that are prevalent in
the inventory are outside of the assay capability of such systems.



To z certain extent commonly employed NDA techm'ques rely on the
assurm—hon that the sample matrix and the activity are in a uniform
configzration. In fact, waste drums are often heterogeneous in matrix and
radiocrzclide material distribution, and span a wide range of composition and
matrix cvpe. Thus, NDA system errors are related to non-uniform
measizTement responses associated with unknown radioactive source spatial
distrii:tions and matrix heterogeneities. These errors can be reduced by
imagng techniques that better measure the spatial locations of sources and
matrix attenuations.[LEV95a, DUN97, & EST94] It is the intent of the A&PCT
develorment and testing project to enhance the overall utility of waste assay
throw:gh the implementation of techniques which can accommodate known
measurement complications, e.g., waste matrix and radioactive material
distribution heterogeneities, and span a wide range of composition and
matrix type.

In addition to our work there are several development efforts under way
for the NDA of waste.! In the U.S. they include neutron interrogation
[HEN97, HOG97, HOL97], gamma-ray interrogation [EST97, PRE95 & GRE97),
or a combination of these two [BEC97, PIC98]. In addition, other efforts at
laboratories outside the U. S. include: [GOT91, REI92, KAWS0 LEV95a, LETI
work]. Of these two in the U.S. [PRE95, GRE97] and four outside [REI92,
KAWS0, LEV95a, COU98] are using a CT approach. The efforts in Germany,
Hungary and France are behind ours, while the effort at Hitachi Energy
Research has been completed. The LANL tomographic gamma-ray scanner
(TGS) effort is at about the same stage as LLNL’s development effort. The
commercialization of LLNL’s A&PCT technology has been transferred to
Biolmaging Research, Inc. (BIR)[BERS5, MAR95, ROB98]

L.B Introduction to A&PCT Technology

Gamma-ray spectroscopy with high-energy resolution germanium
detectors has been successfully used as a quantitative radioactive assay
method for many years. The excellent energy resolution associated with the
use of high purity germanium (HPGe) detectors allows for accurate
radionuclide identification. This resolution also increases the signal to noise
for the measurement thereby enabling very accurate peak areas {or counts) to
be extracted from very complicated spectra. For point sources there are several
methods available to relate these peak areas to absolute assay values.

However, for many sample-detector geometries the point source
assumption is not valid and it is difficult to relate peak areas to absolute
intensities without calibration sources of the same energy and geometry. This
problem arises because of the difficulty in calculating the detector solid angle
for extended sources; this is made even more complicated when sample self-

! A good reference for contempory research and development, application, and implementation
of NDA systems is given in the Proceedings of the 4th, 5th and 6th NDA /NDE Waste
Characterization Conference.[NDA]



absorption is important. For sources that are roughly the same size as the
detector there are methods that can relate the extended source efficiency to
point source calibration data. However, these methods become less reliable as
the source dimensions become much larger than the detector. This is the case
for the problem we discuss here, i.e., the assay of 208-L drums using a 0.2L
detector. Moreover, these conventional gamma ray spectroscopy methods are
most applicable when the source is uniformly distributed in a homogeneous
attenuating matrix. Real waste drums do not have homogeneous
configurations.

Gamma-ray spectroscopy techniques have been implemented to address
the waste drum assay problem. One commonly applied technique is the
LANL developed segmented gamma-ray spectrometry (SGS) technique. The
SGS technique is DOE's current state-of-practice in measuring gamma-rays
from contained radioactive wastes. The SGS technique measures spatially
averaged gamma-ray intensities in 8 to 10 segments, i.e., vertical slices of the
drum. The average matrix attenuation value for each slice is measured by the
transmission of an external source. These attenuation values are used to
correct each section's average passive gamma-ray emitted intensity. The
A&PCT technology we are developing is a more refined technique that
improves the imaging from 10 large segments to many small volume
elements—voxels.

The A&PCT method allows the gamma-ray spectroscopy portion of the
absolute assay problem to be broken down into a simpler analysis. The
A&PCT technology uses two separate measurements. The first is an active (or
transmission) interrogation of a waste container such as a 208-liter drum? by
one or more external radioactive source(s); and the second is a passive (or
emission) measurement of the radioactive source(s) within the drum. The
results of these two measurements are combined to produce an attenuation
corrected assay of the gamma-ray radioactivities in the drum. The passive
measurement localizes the radicactivity of interest into small size voxels (5
cm on a side). The absolute detector efficiency can be directly related to
calibration measurements of point sources. The solid angle is accounted for in
the image reconstruction algorithm. The active transmission source
measurement provides the data for an attenuation correction for each voxel.
The absolute assay can then be obtained by adding the counts in each of the
voxel of the reconstructed passive CT image. Also, since some radionuclides
of interest emit gamma-rays of more than one energy, one can obtain
additional checks on the image reconstruction and the absolute assay results.

2 Throughout the text we will refer to a drum instead of a container since the A&PCT scanner
was optimized for drums of about 200 liters volume. This does not imply that the A&PCT
technology cannot assay other containers, e.g., we have assayed containers from 4 (1 gallon)to
300 (83 gallons) liters in volume.



II. Technology Description

IL.A Theory

Conventional active or transmission CT scanners measure the effects of
an object on an incident beam or “ray” that travels in a straight path. For
example, in x-ray or gamma-ray CT, the data measured are the photon
intensities of the incident beam, /,[S(E),L], and the transmitted beam,
IIS(E).L), that was attenuated by the object along each ray path, L, for a photon
energy spectrum S(E). (This is true to first order, ignoring the effects of x-ray
scattering.)

The quantity that is reconstructed in CT is the value f[S(E).x] for some
volume element, or voxel, at location x = (x,y,z) within the object. The
reconstruction algorithms require line integrals, also called ray sums, for
many ray paths L, which are defined as

g(SE), L] = [ fIS(E), x}u , (ILA-E1)

where du is the incremental distance along L. For x- and gamma-ray CT, these
ray paths are determined from the intensity measurements using the Beer's
law relationship:

S(E), L) =1n| —————1. I.A-E2
g[S(E), L] [[[S(E)’L] ( )

These ray sums over many paths are needed to reconstruct f[S(E)x].

ILA.1 Active Computed Tomography

Conventionally, industrial and medical CT use an x-ray machine source
with a wide energy spectrum and a current-integrating detector that integrates
the energy deposited by photons over all energies. The resultant attenuation
image is given by

fLS(E),x] = f ulp(x), Z2(x ), E1 dE (polyenergetic),

s
(I1.A-E3)

where u is the linear attenuation coefficient, which is a function of volume
density, p ,and the atomic number Z. Note that the resultant attenuation is
integrated over the entire energy spectrum. The A&PCT nuclear-
spectroscopy-based drum scanner differs from the conventional scanners in
that it discriminates between photons of different energies. In this case, the
resultant image is given by

fEx) = p{p(x),Z(x),E] {monoenergetic). (II.A-E4)



The results are thus a discrete quantitative measurement of the linear
attenuation coefficient at one energy E; i.e., there is no integration over the
energy spectrum S(E).

The ray path L is simplified if we consider a single x-y plane fixed along
the longitudinal axis, z, of a waste drum. We can treat a single discrete x- or
gamma-ray beam in that plane as a line or ray path defined by s, the distance
between the ray path and the (x-y) origin, and 6, the angle of the s axis from
the x axis. The transmitted (or active) beam intensity I(E,s,8) for this ray path
at a fixed energy, E , is

I(E,5,8) = I,(E, s, 6) exp[~ {J ME. x, y)B(x c0s B+ y sin 8- s)dxdy] , (ILA-E3)

where u(E,x,y) is the spatial distribution of the linear attenuation coefficients
at energy E, I, is the intensity of the incident beam, and 8 is the Dirac delta
function. The equation for the ray path is xcos@ + ysin@ -5 = 0. As mentioned
earlier the argument of the exponential is known as a ray sum, g(E,s,6), in this
case is equal to

L(E, s, 6)
E,s,6) = In| X227
8(E.5.6) m[I(E,s,e)

It is useful to note that the CT ray sum is analogous to a simple gamma-ray
transmission gauge experiment.

] = jj W(E, x,y)8(xcos 8 + ysin@ - s)dxdy,  (ILA-E6)

The set of ray sums at all values of s for a fixed E and f1is called a

“projection,” and a complete set of parallel-beam projections at all & (from 0 to
180° or 360°) for a fixed E is called a “sinogram.” From measurements of [ and
fo, a complete ACT sinogram can be determined, and various methods have
been devised to reconstruct p, the linear attenuation coefficient, with filtered
backprojection (FBP) being the most common.[BUD79] Therefore, 1 is the
parameter determined by image reconstruction of the ACT measurements at
a selected energy value and voxel. For a waste drum, the attenuation due to
the drum’s contents, whether heterogeneous or homogeneous, is accurately
measured in the third dimension by measuring sinograms at different z
planes (or elevations) of the drum. Note that ACT does not measure the
presence or identity of any radioisotope, source strength or activity within a
waste drum.

I1.A.2 Passive Computed Tomography

On the other hand, passive CT can be used to measure and determine
both. The ray sum for passive or single-photon-emitted CT (sometimes called

SPECT) imaging, g{Es,0), is defined by [BUD79]

g,(E,s,.8)=[(Es0) = Hp(E,x, va(E, x,y,5,0)8(xcos8 + ysin8 — s)dxdy (I1.A-E7)



where I, are the counts measured at each ray sum position and

detector

a(E, x,y,5,0) = exp[_ [ JHE 2, y)8(x cos + y'sin6 - s)dx’dy’:l ,  (ILA-ES)
Xy

is the half-line attenuation integral from the (x,y) position to the detector
position defined by (s,8); and p(E,x,y) are the photons of energy E emitted in
each voxel per unit volume per unit time for a radioactive source within the.
waste drum.

A single-photon-emitted ray sum is the integrated radioisotope activity,
modified by one or a multiple of exponential attenuations, along the path
from the source position within the drum to the detector. The influence of
the term a(E,x,y,5,8) depends on the magnitude and distribution of the
attenuations within a waste drum, which are typically large and
nonhomogeneous for most energies emitted. To obtain the most accurate
results from the PCT measurements, the energy-dependent attenuations
must be determined from ACT measurements. The commonly used
assumption of a constant attenuation coefficient {e.g., the SGS method) is
inadequate for accurate measurements of inhomogeneous waste matrices.

IL.LA.2 Coupling Active and Passive Computed Tomography

Coupling the ACT and PCT modes allows accurate and quantitative
attenuation corrections to be determined specific to the location of any
radioactivity detected. That is, once the attenuation caused by the waste
matrix and geometry of the CT scanner is accounted for, an accurate
measurement of the emitted photons, p, from a radioisotope is determined.
The radioisotopic activity from a particular radioisotope, j, is determined as
follows:

CAE) =3 p(E), (ILA-E9)

where C(E) is the total photons per unit time obtained from the sum of the
voxels at energy E for the reconstruction of the passive CT data corrected by
the ACT attenuation map. Once the total photons are obtained, the activity,
A, is obtained from

AitmCiy= B (ILA-E10)
te(E)B k
where ¢ is the ray sum time, e(E) is the HPGe efficiency’ at the particular
energy E of the emitted gamma ray measured, j is the branching ratio for this
particular gamma ray, and k is the constant 3.7x107 disintegrations per second
per milliCurie. Finally, the measured activity is converted to a specific gram
value mass, m, using

* This does not include the soiid angle since it is accounted for in the image reconstruction and
assay algorithm as discussed in Section ILB.3.
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P
where m; is the mass in grams of radioisotope j, that has a specific activity
givenby A;.

IL.B A&PCT Technology

In order to assay an unknown waste drum using gamma-ray active and
passive CT three techniques are required. These techniques are: (1) Gamma-
ray spectroscopy data acquisition in both the active (A) and passive (P) CT
modes; (2) Analysis of the gamma-ray spectra acquired in both the A and P
modes; and (3) Reconstruction of both the A and P images. It is useful to
describe briefly the principles and issues associated with each of these
techniques to better understand the challenge of NDA of waste drums.

I1.B.1 A&PCT Data Acquisition

Our active and passive computed tomography technology employs a
scanner that uses high purity germanium (HPGe) detectors and their
associated electronics.[DEB88, MAR91, ROB91 & ROB94] It differs from
conventional transmission CT scanners in that it discriminates between
photons of different energies. The quantity that is reconstructed in active CT
is the linear attenuation coefficient (i) value for some volume element, or
voxel, at location x, y, and z within a drum (see Eq. IL.A-E4). The voxel size
and clarity are defined by scan and image reconstruction parameters. For a
waste drum, the attenuation due to its contents is accurately measured in
three dimensions and displayed as a sequence of two dimensional images at
different z planes {or elevations) of the drum. Note that active CT does not
identify any isotope or measure the source strengths or any radioactivities
within a waste drum.

Passive CT is used to measure and determine both the identity and the
strength of radioisotope sources within a drum. The ray sum for passive or
single-photon-emitted CT (sometimes called SPECT) imaging is the counts
(see Eq. II.A-E7) measured in disintegrations (d) per unit volume per unit
time of a source within a waste drum. Therefore, a single-photon-emitted ray
sum is the integrated radioisotope activity, modified by one or a multiple of
exponential attenuations, along the path from a source position within a
drum to the detector. The function that is imaged for passive CT is the counts
corrected for matrix attenuation at one or more energies for all detectable
radioisotopes within a drum. The gamma-ray spectrometry detection
equipment collects the entire energy spectrum for each integration point and
the radioisotopes are identified by their characteristic peaks within the energy
spectrum (see Section IL.B.2).



I1.B.1.1 Data Acquisition Hardware

The hardware required to perform both active and passive modes consist
of four principle components. These are: (1) Active source: used to acquire the
active attenuation map; (2) Energy discriminating detector: used in both
active and passive mode; (3) Staging system: for manipulating the drum or
source and detector during data acquisition; and (4) Computer system: used to
acquire data and control staging.

These four components are shown in Figure ILB.1-1. The active source is a
radioactive gamma-ray source that typically provides multiple mono-
energetic peaks from 180-keV to about 1.3 MeV. These gamma-ray peaks do
not need to be exactly the same energy as the gamma-rays emitted from
within a waste container because interpolation can be performed between any
two nearest neighboring active peaks. We do not need a very strong active
source, because the detector is very efficient and has a relatively large-
collimated aperture. Typically, we use a radioactive source of a few mCi. The
A&PCT method requires a high-energy resolution detector for identification
and quantification of all detectable radionuclides. Therefore, we use a high
efficient, high-purity germanium detector and associated spectroscopy
electronics.

Fixed-aperture Detector
collimators pintE

Active source

manipulator

Reconstruction : . ' IBM data

computer g acquisition and control
computer
'NDE net Computer(s) .

Figure II.B.1-1: The four major components (four shaded regions) of a
nuclear-spectroscopy based active and passive computed tomography.



Two other important components of the A&PCT scanner are the
collimators for both the active source and detector. The apertures in these
collimators are square. The detector-collimator aperture defines the spatial
resolution (voxel size) of the active-attenuation CT image and the corrected-
passive CT image. The source collimator is used to minimize scattered
radiation. This ensures better data and provides a safer operating
environment, and elliminates any cross transmissions when multiple active
transmission sources are used. :

Through simulation we studied the trade-off between spatial resolution
and signal-to-noise.[KET95] Further, an optimum system design is dependent
on expected emission source distribution and activity. Results of our
simulation work revealed that A&PCT systems with collimated square
apertures from 2.5 to 7.5 cm on a side will perform best. In order to ensure
that the detector fills the entire aperture area we need a large diameter
detector. The largest diameter detectors with high counting efficiency are
about 8.2 cm diameter. A large detector aperture reduces the assay time in two
ways. First, a larger aperture utilizes more detector surface area providing a
larger solid angle; second, it yields the advantage of fewer measurement
positions (less sampling). Finally, we found that the aspect ratio (aperture
length divided by aperture width) performs best if it is in the range of 5:1 to
10:1).[KET95] The smaller the aperture aspect ratio, the closer the detector will
be to the waste drum; hence, the higher the counting rate because of the larger
solid angle subtended.

Data are acquired by either manipulating the drum, or manipulating the
drum and source/detector pair. If only the drum is manipulated, the staging
system must be capable of translating, elevating, and rotating the drum. For
other cases, the source/detector pair may translate and/or elevate instead of
the drum. Typically, for a single detector A&PCT system, either the waste
drum or the source/detector pair is discretely transiated by a distance equal to
the detector collimator’s horizontal aperture dimension. The translation is
performed for all ray sums required. If the A&PCT scanner uses multiple
detectors, it is possible to reduce or even eliminate the requirement to
translate the drum. If there were a sufficient number of detectors to cover a
full transverse section of the drum, there would be no need to translate the
drum. Thus, only drum rotation and elevation are required for an assay.

The computer systems shown in Figure IL.B.1-1 are used to control the
staging system, acquire data from the spectroscopy electronics, perform pre-
processing functions, and reconstruct data. The reconstruction process is
discussed in Section I1.B.3. The A&PCT systems typically use PC computers to
acquire data. After data acquisition, the pre- processmg and reconstruction
processes can be performed on SUN or SGI computers’; however, they are
also performed on the PC.

4 This does not imply that LLNL endorses either product or vendor.
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I1.B.1.2 Data Acquisition Software

The CT data acquisition software is written in C-code and consists of: (1)
Input/output interface; (2) Stage control; (3) Data acquisition and digitization;
and (4) Data preprocessing. The following paragraphs discuss each of these
considerations in turn.

The input/output interface provides a window for entering the required
scan parameters and other pertinent information about each CT scan. This
information is stored on the disk in a CT parameter file in text format. This
CT parameter file accompanies the data through the acquisition,
reconstruction and assay reporting processes. All of the software programs
associated with these processes must accept the CT parameter file’s format.
One CT parameter file is generated for each energy region of interest for both
the projection data set and the reconstruction data set. The CT parameters are
divided into several categories within the file and include information on:
each scan, projection, active radiation source, detector and source geometry
and collimators, HPGe detector specifications, scan-time parameters, reporting
parameters, simulation (if applicable), and reconstruction. Some parameters
are specific to the individual scanner that produced the data.

Stage control requires communication between the acquisition computer
and the motor controller. Communication is usually accomplished through
an RS232 port on the acquisition computer. The staging control subroutines
in the data acquisition program typically vary depending on the manufacturer
of the staging system being used and the CT scan geometry.

Data acquisition and digitizing subroutines depend on the detector system
being used in the CT scanner. We acquire data from a single high-purity
germanium detector where each photon interaction with the detector is
digitized. The magnitude of the digitized 51gna1 is related to the energy of the
photon detected.

Each individual CT scanner dictates specific preprocessing methods and
the number of preprocessing steps required as a result of the differing physical
characteristics (i.e., source and detector systems used). The main preprocessing
procedure consists of calculating the ray sums from the raw gamma-ray
counts. Incident and transmitted counts are used to calculate ACT ray sums
(see Eq. I1.A-E6). These ray sums are used as input to the ACT image
reconstruction codes.. For PCT the emitted counts for all ray sums are
combined with the attenuation images (see Eq. and I1.A-E7) to produce
attenuation corrected PCT images of photons per unit time per voxel. These
images are used to obtain a specific isotopic activity and mass using Eq. ILA-E9
through E11.

There are three important properties in acquiring both active and passive
ray sums. First, the geometry of the ray paths (i.e., the source and detector
positions in the object coordinate system) must be completely known; second,
at any given geometric position, for ACT the incident and transmitted counts,

11



and for passive CT the emitted counts or the entire spectrum must be
accurately measured and recorded; and third, for multiple-detector scanners,
all preprocessed detector responses to a given energy and intensity must be
identical; therefore, the responses of individual detectors need to be balanced.

I1.B.1.3 Data Acquisition Modes and Protocol

We have two main protocols or modes of operation. These are collimated
gamma-ray scanning (CGS) and A&PCT. The CGS mode is used to quickly
determine the location of radiocactivity with respect to height within a drum
and to determine the data acquisition scan parameters (e.g., number of slices
and scan time) required. The A&PCT protocol is used to accurately assay the
radioactivity within a waste drum. Both CGS and A&PCT employ active and
passive protocols.

For the CGS active and passive protocols the gamma-ray data is integrated
while the drum is continuously rotated for each slice. A full drum requires 18
slices. In the active protocol the transmission source is opened and data for
specific energy regions of interest (EROI) are obtained. In the passive protocol,
the transmission source is shuttered and selected EROI or the entire gamma-
ray spectrum is recorded.

For A&PCT a set of transverse ray sums at one angle (a projection) are
acquired when the full drum has been traversed. After each projection is
acquired, the drum is rotated slightly for the next projection acquisition. For
active mode, projections are acquired over 180 degrees, and for passive mode
they are acquired over 360 degrees. Once a full set of projections are acquired,
the drum or the source/detector pair is elevated by a distance equal to the
vertical dimension of the detector’s collimator aperture. The projections are
used to reconstruct the waste drum. For a full drum, 18 slices are acquired for
both active and passive modes. The slice thickness is defined by the vertical
dimension of the detector’s collimator aperture.

During ACT data acquisition protocol, EROIs are set for each of the major
peaks of the transmission source. Data are collected from each EROI
simultaneously for each ray sum acquired. The active data that are saved and
used in the reconstruction process are the net counts, which are the gross
energy peak at each EROI minus the background.

In passive protocol, the entire energy spectrum is acquired for each ray
sum. This differs from the active mode because the energy peaks emitted
from within the waste drum are unknown. All of the emission spectra are
used to evaluate the isotopic content.

ILB.2 Gamma-ray Spectroscooy Analysis Software

The A&PCT data sets consist of hundreds of high-energy resolution
gamma-ray spectra, one for each ray sum acquired. Generally, the statistics in
each individual ray sum spectra are poor, but they can be summed to produce

12



better quality spectra that can be analysed by traditional gamma-ray
spectroscopic analysis codes. Such an analysis can determine most of the
radioactive isotopes present. This includes isotopes important to fransuranic
waste characterization, and isotopes that may be of interest to neutron-based
NDA technologies or gamma rays that might interfere with the analysis.

The analysis of the passive CT gamma-ray spectra also yield the mass
ratios of the important plutonium isotopes. The A&PCT method could, in
principle, determine a mass (see Eq ILA-E11) for each of these isotopes by
reconsiructing the sinograms of their characteristic gamma-rays in the
spectrum. However, that is rarely possible due to their poor statistics. Instead
the A&PCT assay only needs to determine the mass of one isotope, usually
Pu. Analysis of the spectra can be used to determine other radioisotopic
ratios. This information is used to calculate the thermal power, the total
alpha activity, and the fissile gram equivalent necessary for the
characterization of the waste.

The A&PCT data acquisition code creates spectra in a binary format similar
to the one used by ORTEC’s Maestro’. We have developed a computer code
that processes each of the ray sum spectra. The code is written in standard
FORTRAN and currently is implemented to run in MS Windows-NT on
personal computers. Our gamma-ray analysis code reads these spectra and
builds a summed binary spectrum as well as an ASCII spectrum data file. The
actual spectral analysis is performed on this ASCII file which is saved for
future analysis. In addition to forming the summed spectrum the code also
analyzes each ray sum for all of the EROIs from a user-defined table. The
results of this analysis provide gross and background counts from each EROI
for each ray-sum. The resulting sinograms are then stored in a binary format
used by the image reconstruction and assay code.

IL.B.2.1 Gamma-ray Spectral Analysis

The gamma-ray spectroscopy analysis of the summed spectral data begins
by fitting a universal background to the entire spectrum. The background for
each channel in the spectrum is determined by a “peak erosion” technique;
and this background is subtracted from the spectrum. Then, a standard peak-
search algorithm is used to find peaks. All peaks determined are analyzed for
centroid and area, and subsequently their energies are compared to a user-
defined look-up table of known gamma-ray lines, primarily Pu, Am and U.
Obviously, the spectrum’s gain and zero (specified in a setup file) have to be
well known for this comparison to be valid. In this first step, only individual
peaks are checked against the known list. No detailed analysis is performed
on peak multiplets. The peak search criteria are intentionally set loose so that
some “peaks” detected are only statistical anomalies. This assures finding
nearly all the easily determined peaks. Background radiation isotopes (e.g.,
“K, Th-U daughter products) are found in this step, in addition to those

* This does not imply that LLNL endorses this product or vendor.
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isotopes of interest. From the preliminary analysis, data are flagged for
further analysis if there are U, Pu or Am gamma-ray peaks detected. At the
present time, if no peaks from these three isotopes are detected, then the
spectra is either a calibration spectrum or a spectrum that requires special
analysis and is so flagged.

To determine accurate peak areas the full energy peaks must be separated
from the background and Compton continuum. One must have a
mathematical description of both x-ray and gamma-ray peak shapes as a
function of energy and appropriate fitting algorithms, which can vary selected
peak shape parameters in order to obtain the best fit (defined as the
minimum least square difference between the data points and their calculated
values). One must also have a list of known peak energies and their
respective branching ratios for all gamma rays of interest.

Currently, we examine each summed gamma-ray spectrum for the
following TRU isotopic mass ratios **Pu/**Pu , *Pu/*Pu, *'Pu/*Puy,
25U /®Py, and *'Am/*Pu. These ratio pairs are determined by analyzing
closely spaced multiplets of gamma-ray lines from these isotopes. In each case
we use the known energies and branching ratios to fix as many parameters as
possible in the least squares fit. The goal in the calculation is to generate a
mathematical spectrum section from a set of peak shape parameters and
intensities that mathematically most closely approximate the measured net
signal. This best fit gives a minimum reduced Chi squared difference
between the calculated signal and the measured data.

To find the best fit, the equations describing the various peaks are
approximated by using a first order Taylor’s series expansion about the trial
values of the free parameters, which are adjusted to minimize differences
between the equations and data. These adjustments are found by performing
non-linear least-square iterations on the equations. This procedure is also
known as the Gauss-Seidel or Newton-Raphson method. For rapid
convergence the closer the initial choices are to the real values, the quicker the
fitting process converges. One output of the fitting process is the best peak
height of the isotopic peak(s). These are used to find the best measurement of
the isotopic composition of an emission source. We also cotrrect the extracted
peak areas for efficiency and a general attenuation correction. These
corrections can be important when the energy range of the analysis is more
that 10 keV.

Presently, we analyze data in seven regions of the gamma-ray spectrum:

¢ The area between 120 and 135 keV is analyzed to determine the
#1Am/*Pu ratio. This region contains six peaks, but the analysis
is determined by the ratio of the **Pu peak at 129.3 keV and the
peak at 125 keV in *'Am. However, all peaks in this region must
be included in the fit to obtain a good analysis. This region gives
a good indication of any excess americium in a drum as has been
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demonstrated by data ) analyzed by our code from SWEPP at
Idaho National Engineering and Environmental Laboratory
(INEEL.

¢ The region from 135 to 155 keV can determine thé *'Pu/*Pu
ratio by comparing the 148.5 keV (*'Pu) to the 144.2 keV
transition of **Pu. Similarly, the 152 keV peak of **Pu can also
be analyzed; however, weapons grade Pu this is a rather weak
transition which greatly limits the accuracy of the derived
#*Pu/™Pu ratio. Also this analysis can be complicated by the
presence of ®*U and its transition at 143 keV. '

* The analysis of the 160 keV region should give the best
information about the *’Pu/*Pu ratio. The doublet of strong
transitions from these two isotopes at 160 keV can be a clear
indication of the degree of “burn-up” in the plutonium.
Unfortunately, this region is frequently contaminated by high
Compton background in typical waste drum spectra, which
limits the accuracy achievable.

* The 208 keV transition is a very prominent feature in the
gamma-ray data in the A&PCT systems. This transition is
produced by both *'Am and *'Pu with similar branching ratios.
However, because of its higher specific activity, *'Pu dominates
in most cases. This peak can be compared to the 203 keV peak of
®Pu for another determination of the mass ratios. Also the 203
keV peak can be compared to the 205 keV peak of **U to
determine uranium content.

¢ The regions near 340 keV and at 375 keV give additional
measurements of the *'Pu/™Pu and *'Am/*Pu ratios.

¢ The 414 keV transition is usually used for the A&PCT analysis,
and this region is also analyzed to look for possible
contamination by *’Np.

* The region above 600 keV contains peaks from **Pu, ¥*°Py, and
*!Am and can be very useful in some cases. The high energies of
these transitions allow them to escape from highly attenuating
waste matrices. However, branching ratios for these peaks are
less than those for the lower energy regions so that the statistical
quality of data for low waste-drum gram loadings is a problem.

The results of the analysis of these regions is then combined into a report
of the mass ratios. Subsequently, the data are combined with the assay data
for ®Pu (or ®*U) to calculate the desired waste characterization parameters,
This report lists the energies and intensities of the gamma rays found in a
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spectrum along with their identification when possible. Those peaks not
found to agree with any listed in the table are flagged as unknowns. . In the
future, we intend to implement an option that if no isotopes from these three
major elements are found, the program will continue to search for other TRU
isotopes that are identified as important to the neutron-based NDA
techniques and to the WIPP WAC (e.g., "’Cs and see Appendix A).

I11.B.2.2 Self-Attenuation Correction Method

The combination of their high Z and high density make transuranic
materials strongly attenuating for gamma-rays below 1 MeV. Because of this,
NDA techniques are susceptible to self-attenuation biases when the TRU
material is not finely divided. As an example, one can consider a sphere of
Pu metal with a diameter D. The fraction, F, of photons with energy, E, that
can escape from such a sphere, is given by

F(D,E) =%{1-%+F+i]ex } (ILB.2-1)

where x = U(E)eD and p(E) is the linear attenuation coefficient for the material
atenergy E.

As can be seen from this equation the escape fraction is strongly dependent
on the absorption coefficient, which is a function of the photon energy. For
129 keV, less than 20% of the photons escape from a 1-mm diameter sphere of
Pu, whereas almost 90% of the 414 keV gamma rays would escape. This
strong energy dependence may be able to be used to determine if there is a
self-attenuation problem with the assay, and it can also be used to estimate
the magnitude of this bias. The coarse size of the A&PCT volume elements
do not allow a direct observation and/or correction of this form of
attenuation.

Our approach for correcting the A&PCT assay data for self-attenuation
when implemented, will be as follows. One would reconstruct the Pu mass
for the drum using several different gamma-ray energies. Possible candidates
are the 203-, 345-, and 414-keV gamma-rays, and possibly 129 keV. If there is
no seif-attenuation problem, then these assay values will all be equal.
However, self-attenuation could be inferred if the assay results strongly
increase with photon energy. A first order correction for this could be
obtained by finding a best fit for the particle size that would reproduce the
observed energy dependence. One could then recalculate the assay values
using a correction for the escape fractions.

I1.B.3 Image Reconstruction and Assay Determination

While it seems simple enough to assay the total radioactivity within a
large distributed volume (a nuclear waste drum) by measuring the emitted
radiation, the central difficulty is that an accurate absolute assay is impossible
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unless the emerging measured radiation can be corrected for the matrix
attenuation it suffers. This correction requires knowledge of the spatial
distribution and density of both emitters and absorbers throughout the
volume. An accurate assay will necessarily involve a complete determination
of the three dimensional (3-D) structure of all radioisotopes present even
though the original problem posed by the regulations requires only one
number, the total radioactivity quoted as Pu-effective grams, contained
within a waste drum.

The active CT data is acquired and reconstructed using the robust 2D
filtered backprojection method described elsewhere.[BUD79) The resultant 2D
CT slice data at a particular energy is merged into a 3D array before it
issubmitted with the passive count data to the passive CT image
reconstruction and assay algorithm.

In order to assay the 3-D structure of a waste drum, it is divided into a set
of 3-D voxels. The number of counts for all detectable radioisotopes is
determined for each voxel (see Eq IL.LA-E7). The sum of the counts in each
voxel (see Eq. II.A-E9) determines the non-destructive assay of the drum. The
passive CT image reconstruction and assay starts by defining a vector p, where
each element in the vector represents the number of counts from a voxel i.
The vector p is unknown. The emitted radiation is measured at a series of
detector positions, which constitutes the ray sums in a passive CT scan. The,
vector g, is defined (see Eq. IL A-E7), where each element in the vector is the
measured radiation at a given detector position. The vector g, is measured.

The relation between the vectors p and g can be defined mathematically as

g=Ap, (IL.B-E1)

The system matrix, A, represents and incorporates the effects of the system'’s
geometry and the attenuation image determined from the active CT scan. A

is given by

A(E,s5,0) = [[a(E. x,y,5,6)8(xcos8 + ysin@ - s)dxdy , (ILB-E2)

The matrix A can be calculated. The matrix A is too large to be effectively

inverted to solve for p. Therefore, p must be determined from g, and A using
an iterative optimization technique.

11.B.3.1 Reconstruction Code Structure

The A&PCT reconstruction code is divided into an optimization code and
a model code. Figure I1.B.3-1 shows a conceptual design of the reconstruction
code. The optimizer consists of a cost function and a minimizer algorithm.
The cost function calculates a scalar by comparison of the measured to the
calculated passive sinogram. The minimizer section searches for the next best
solution. The model code determines the calculated passive sinogram from
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the current solution determined by the minimizer. The optimizer
determines when the solution is acceptable.
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Figure ILB.3-1 Conceptual design of the passive image reconstruction code.

I1.B.3.1.1 Model Code
The purpose of the model code is to calculate the values in the system

matrix A, The values are determined by using geometry and physics to relate
the contribution of the emission from each voxel to each detector. The effect
of the measured attenuation is also incorporated. In the recent past A&PCT
has used two methods to determine the system matrix, they are known as
UCSF and APCT.

I1.B.3.1.2 Optimization Code

Iterative methods for image reconstruction generally proceed by successive
minimization or maximization of an objective function. For example, given
an accurate description of the system including the non-linear effects,
minimizing the squared difference between the predicted and observed data
will result in an accurate reconstruction. Several numerical algorithms exist
for least squares minimization. Most proceed by moving down the gradient of
the objective function, the sum of squared differences, for example, by
steepest descent, by conjugate directions, or by successive projections. The last
is termed ART for Algebraic Reconstruction Technique. Alternatively, one
may consider the data obtained as the result of a stochastic process based on a
Poisson probability distribution. For any given model of the object function,
there is a certain probability of actually obtaining the measured data. The
object function may then be reconstructed by varying the model to maximize
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the probability of obtaining the measured data. Such algorithms go by the
name of Maximum Likelihood-Expectation Maximization (MLEM).

Typically from each EROI, two regions (gross and background) are
extracted from the passive energy spectrum for each ray sum. The
reconstruction goal is to find the image that creates the net signal from the
gross peak and background data. The MLEM method does not allow this to be
done correctly. The best that can be done is to subtract the background from
the gross peak signal and then search for the solution. This leads to the
possibility of negative counts, which is a physical impossibility. The larger
problem is that this method is statistically incorrect, since both signals are
Poisson variables and they cannot be simply subtracted.

Anocther optimization technique, Constrained Conjugate Gradient (CCG),
allows us to include both the peak and background and thus a better solution
can be achieved.[GO097] CCG allows for a maximum likelihood function to
be created that correctly relates the background and peak signals. CCG is also
not a pure steepest descent algorithm; therefore it converges to a solution
faster.

IL.LB.3.2 Code Development History

We have progressed from parallel-beam through fan-beam to a cone-beam
geometric methods to reconstruct the passive CT data. The parallel-beam
geometry method used an iterative, steepest-descent weighted, least-squares
technique [HUE77] to reconstruct PCT images with attenuation corrections
from the ACT image.[MAR91a] The fan-beam work is described in [ROB94].
Here, we only describe our development efforts for the 3-D methods. In order
to determine the optimal method of image reconstruction and assay, our
A&PCT codes have undergone a series of improvements. A schematic
diagram of the 3D development is surnmarized in Figure [1.B.3-2, and each
method is described below.

I1.B.3.2.1 UCSF-MLEM

The first 3D model code used by A&PCT was developed in collaboration
with UCSF. This code referred to as UCSF-MLEM or ucsf3d, was adapted from
a code specifically designed for medical imaging geometries. The line integral
used to determine the attenuation is calculated on a voxel by voxel basis. The
system matrix is essentially recalculated each time through the optimizer, in
this case MLEM. It can also only use the MLEM optimization technique that
it was originally built with. Details of this code are provided by Brown, et
al.[BRO92]

11.B.3.2.2 APCT-MLEM
There were several assumptions in the UCSF code which were valid for

the medical imaging case, but not for the drum imaging problem. A detector
collimated to receive radiation from a fine line through a source does not
measure a simple projected density, but rather the photon counts decreased as
the square of the distance between the emitter and the detector, 1/R?, and
decreased exponentially by absorption along the line of sight. In addition, the
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collimation of high energy photons is normally done with beam stops rather
than lenses, and the collimator aperture will have a diverging acceptance

WCSF
model IMPACT
w/c measured rf
UCSF ucsf3d
MLEM ——
UCSF
modef
w/ measured rf wit

apct3dold
apct APCT
{orlg) MLEM | __ —
P apctidnew
/7
7’
APCT L
model | ) cece [PPSO
wf & wlo
measured rf

Figure I1.B.3-2 A schematic diagram that summarizes the different 3D image
reconstruction and assay codes developed. rf refers to the response function of
the detector and its collimator.

angle with a width or area proportional to distance from the source to the
detector. Lastly, the effects of finite spatial resolution degrades the activity
accuracy of an emission source, and resloving the waste drum wall, waste
items within the drum, that is either emitters or absorbers with sharp
boundaries.

The non-linear effects in the system, in particular the 1/R? fall-off, the
exponential attenuation, and the spatially varying collimator response imply
that reconstruction or inversion will not be a linear operation. Although
emission tomography is not a new idea, most current applications do not
fully account for these non-linear effects and do not provide for accurate
quantitative measurements. In particular, in medical imaging,
reconstructions are generally done with an inverse Radon transform. This
implies the assumptions that the internal attenuation is not too strong, and
that the distance through the object, the patient, is not too great so that the
divergence of the collimators and the 1/R? fall-off are also small. In medical
imaging it is possible to achieve a reconstruction of sufficient qualitative
accuracy to be clinically useful in diagnosis. However, these effects cannot be
ignored in quantitative imaging. The new code, referred to as APCT-MLEM
or apct3d and sometimes just mlem, takes into account these issues. Also the
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attenuation line integral is calculated with higher resolution (sampling??)
than that used in the UCSF-MLEM code.

The APCT system matrix is calculated once and stored. This allows other
optimization techniques to be used with the same model code. Several
combinations of the A&PCT model codes with different optimization codes
(Model code-Optimization code) have been developed and can be
summarized as follows:

APCT-MLEM;
APCT-CCG;
¢ APCT-CCG w/ measured response function.

The APCT-CCG w/measured response function code is the same as the APCT-
CCG code except it allows the user to choose a calculated or measured point
source (impulse) response function or calculate the response function from
the data. This enables us to use one image reconstruction and assay code for
both the WIT and IMPACT data. The CCG optimization code is briefly
described below.

I1.B.3.2.3 APCT-CCG

We developed a new maximum likelihood based algorithm that
maximizes the correct likelihood function based on the joint probability
density functions for the peak and the background for each ray sum
measurement. This avoids any physically unrealistic "negative counts” that
must be set to zero in other estimation approaches to this problem, such as
MLEM. The result of zeroing negative counts can bias assay estimates (i.e.,
results). This new method avoids this problem. The likelihood function is
maximized by a novel constrained conjugate gradient algorithm that permits
constraints on the estimates (such as non-negativity) at each voxel and uses a
bending line-search technique to speed convergence. This algorithm has been
successfully applied to several other constrained inverse problems at
LLNL.[REF]

The graph in Figure I11.B.3-3 shows the results obtained when
reconstructing simulated data with both the LLNL MLEM and CCG
reconstruction codes, and when adding noise or background to the signal. The
positive bias is expected with the MLEM code and there appears to be very
little positive bias with the new CCG code. This is the result when
reconstructing simulated data; however, this comparison must also be
performed on real CT data before any conclusions are drawn. If the CCG codes
proves to be as robust when applied to real CT data, then its significance when
working with poor statistics (low drum loadings) will be that drum assay
times can be reduced and throughput will be increased.
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Comparison of LLNL A&PCT MLEM reconstruction
code to new CCG code as a function of maximum
signal to background on simulated emission data
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Figure I1.B.3-3 A schematic diagram that summarizes the different 3D
image reconstruction and assay codes developed. rf refers to the response
function of the detector and its collimator.

IL.B.3.3 Results - Performance of Codes

Figures I1.B.3-4 and I1.B. 3-5 show a comparison of the different codes based
on the absolute percent difference between calculated and known assay. From
these figures it can be seen that the APCT-MLEM [mlem{org) & mlem] codes
perform somewhat better than the UCSF-MLEM (ucsf) code. Both APCT-CCG
(ccg) codes perform, on average, better than both MLEM optimization codes.
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Figure I1.B.3-4 A comparison of the absolute percent difference between
calculated and known assay values for different samples. Results are shown
for several reconstruction codes as shown in ihe key and discussed in text.

Figure I1.B.3-6 shows a test case generated using simulated data. A
simulated image was created with three slices. Each slice 14 by 14 voxels and a
hot spot of 10,000 emission counts was placed on the center slice at location (5,
5). Using the system matrix the image was projected forward to create a
sinogram. A level background signal was added to the sinogram. The level
was chosen to be consistent with actual data. Poisson noise was added equal to
the maximum signal strength. The simulated sinogram with noise was then
input into both UCSF-MLEM and APCT-CCG codes. The results are shown in
Figure I.B.3-6. The UCSF-MLEM image is more spread out within each slice
and across all three slices. The total assay yieldes 18,650 counts. The APCT-
CCG results are more localized and its assay value of 9,936 counts is much
closer to the original 10,000 counts.

Figure II1.B.3-7 shows a dramatic comparison of UCSF-MLEM and APCT-
CCG codes using real data. The original signal was acquired for 17 seconds per
ray sum and the signal to background ratio is nearly one. As mentioned
earlier the UCSF-MLEM code solves for the net counts, i.e., the gross signal
minus background, whereas the APCT-CCG code solves for the magnitude of
the signal itself with the signal immersed in its background.
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Figure I1.B.3-5 A comparison of the percent difference between calculated and
known assay values for different samples. Results are shown for several
reconstruction codes as shown in the key and discussed in the text.
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Figure IL.B.3-6 Comparison of 3 sinogram images (left) and 3 CT slice images (right) for simulated data. A fter adding
noise to the simulated sinograms they were reconstructed into CT slices by the MLEM and CCG codes as shown.
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Figure I1.B.3-7 Comparisbn of sinograms for empirical data of a PDP waste drum.
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IL.C Operational Configuration

Over the past decade, LLNL has developed four A&PCT systems to
research and develop this technology. The first was a one-sixth scale system
using a large aspect ratio (60:1). This earlier system demonstrated clearly that
one can use mono-energetic ACT to image the matrix attenuation and that
this properly corrects the passive emission CT data to yield an accurate
measure of the internal emission sources.[MAR92] The second system was a
full-scale 208-liter scanner constructed at LLNL’s Site 300. This system was
instrumental in the development of a protocol for the calibration, validation,
simulation, testing and demonstration of the A&PCT technology.[ROB94]}

Over the past five years we have developed two additional A&PCT
systems to demonstrate this technology on real waste drums. These are
LLNL's IMPACT (Isotope Measurements by Passive and Active Computed Tomography);
and BIR’s WIT/A&PCT (Waste Inspection Tomography/Active and Passive
Computed Tomography).

The IMPACT system is located at LLNL and its primary purpose is to
further research and develop the A&PCT technology and to demonstrate and
verify its concepts. It was not developed to assay real waste on a production
basis; however, we have assayed a few real waste drums for demonstration
purposes. Also, IMPACT officially participated in the third cycle of the
National TRU Progam sponsored Performance Demonstaration Program
(PDP).

The WIT project is a collaborative effort between LLNL and Bio-Imaging
Research (BIR), Inc., to integrate the A&PCT technology into a mobile trailer.
The WIT system was developed to perform demonstrations of the A&PCT
technology and to become a certified production-mode assay system. The
system has traveled to several different DOE facilities to perform demon-
strations on known and real waste drums. The WIT system has participated
in three formal DOE tests: (1) The fourth cycle of the PDP; (2) A Rapid
Commercialization Initiative (RCI); and (3) The Capability Evaluation Project
(CEP). All of these test were conducted at INEEL.

I1.C.1 IMPACT Configuration

A photograph and schematic of the IMPACT scanner is shown in Figure
ILC.1-1. It consists of two towers of interlocking space-frame aluminum
tubing. One tower supports a 2.8-mCi '*"Ho (1200-yr half-life) radioactive
gamma-ray source that is used for the active CT mode.[ROB94] The %M o
source produces gamma rays at 184-, 280-, 365-, 411-, 530-, 712-, and 810-keV,
and provides crucial, energy-specific, attenuation information for a range of
items that reside within the waste matrix. We have found that the emitted
peaks do not need to be exactly the same energy as any gamma-rays emitted
from within the waste container because interpolation can be performed
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between any two nearest neighboring active peaks that sandwich any

emission peak of interest.

The other tower supports a single well-collimated 90% . efficient (relative to
a 3” x 3” Nal(Tl) detector at 1.33 MeV) high purity germanium (HPGe)
detector. The detector has a collimator with an aperture size of 50.8 mm in the
horizontal and vertical dimension. The collimator also has an aspect ratio of
5:1. We have verified through experiments that this aspect ratio provides an

accurate assay.[DEC96]

1(5-6111:.1ﬂ
Active source

HPGe collimated
detector

Drum
handling

Figure ILC.1-1: A photograph and schematic of the IMPACT scanner.

The towers are designed to be versatile so that additional sources and
detectors could be added to the scanner in the future. Between the two
supporting towers is a three-axis staging system for drum manipulation. The
staging system is capable of translating and elevating a 1000 pound waste
drum 50 inches. In addition, the stage is capable of continuous or step wise
rotating the drum through 360°. The drum manipulator was designed to be
robust with safety features necessary for handling TRU waste in a seismically
active area. Engineering safety notes were developed to cover all operations of
scanning for quality and saftey controls.

A one-ton jib crane is located at one end of the scanner and provides easy
and safe loading of the heavy drums. The crane is interlocked in a home
position away from the drum manipulator to assure that the waste drum
cannot be driven into the jib crane during system operation.

IMPACT uses a PC for system control and data acquisition. During both
active and passive operations, the PC discretely positions the drum for data
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acquisition. After positioning, it communicates with a multi-channel
analyzer (MCA) that acquires data from the HPGe energy-discriminating
detector. The detector integration time is a preset variable and depends on the
amount of activity within the drum and the attenuating waste matrix. When
the counting integration time is completed for each ray sum, the control
computer downloads the MCA’s data and stores selected energy regions of
interest and/or the entire spectrum onto a system disk. After data storage, the
drum is moved to the next ray sum and another ray sum integration is
obtained.

For the active mode, IMPACT translates the drum in 50.8-mm increments
for each ray sum after the specified count integration. A 55-gallon (208-L)
drum is translated 14 times over a distance of 711.2 mm and then rotated
approximately 8.5° (21 rotations over 180°). Each set of 14 ray sums make up a
projection. After each rotation, the next projection is acquired. After
completion of all 21 projections the drum is elevated 50.8 mm and 21 new
projections are measured for the next slice plane. The drum is elevated 18
times to completely assay a 208-liter drum.

For passive mode data collection, the drum is translated to obtain only 7
ray sums over a distance of 711.2 mm. Next the drum is rotated 36° since
there are only 10 projections required over 360° for each slice. The drum is
correctly sampled in the passive mode with fewer ray sums and projections
because of the large acceptance angle of the detector’s collimator aperture. The
acceptance angle of the aperture is larger in the passive mode than in the
active mode. Once again IMPACT requires 18 slice planes to image a
completely full 208-liter drum.

The data acquired from IMPACT is processed, reconstructed, and analyzed
on a UNIX based work station. A UNIX file system is mounted by the PC and
data are transferred over an ethernet cable. Both the energy regions of interest
(ERQI's} and/or spectra that represents each individual ray sum are
transferred.

The EROI data is simply the integrated photon counts within an energy
peak of interest minus the background to produce a net value of activity for
some specified integration time. The EROI is set prior to the assay on the
known energy peaks of the active or emission sources. The EROI data is
processed and reconstructed without any need for further isotopic analysis,
since we mainly focused on weapons grade Pu during the development
phases of this work. The disadvantage of using the EROI data for the A&PCT
reconstruction is that the type of emission sources that are being evaluated
within the drum must be known prior to the assay. This may not be the case
for all waste drums being assayed; therefore, there is an additional option to
save the spectra acquired for each ray sum. As previously mentioned, this
option has been used to determine the isotopics ratios of the waste drum
prior to image reconstruction and final assay.

11.C.1.1 Calibration of IMPACT
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-QOur zooal hasas been to design a gamma-ray waste drum nondestructive -
assay wecmmologwzy that does not require special calibration as a function of the
type wr - waaste mImatrix, the type of gamma-ray radioactive sources within the
drum.. -tire- distrz=ibution of the waste matrix, or the distribution of the
radicmctives sour=rces. Livermore’s A&PCT technology does not require prior
know-iestgze of, .. 7and calibration for, the waste stream that is being assayed. For
the FC¥ vcles.  we could calibrate the A&PCT scanners using drum matrices
and sowurrree stro==ctures that are similar to the PDP drums and attain assay
resultrs tmzat are -~ much more accurate; however, something as simple as
removimg the ~Zouble steel container used to seal the reference sources (this
may be dne case== in a real waste drum) could make a difference in the final
assav -ezsiults. TZnat is why we consider it important to assay waste matrices and
source siructur==es of all kinds and remove the dependency on calibration
procecuress. [t ~nas been our conviction that the A&PCT technology is required
for wamme strearz—ms that are unknown or are suspected of containing something
other #hamn wha=t is documented on the manifests. The A&PCT technology

only reecuiires = total understanding of the physics of the measurement process
and the absoluzee efficiency of the HPGe detector provide an absolute
nomdestuctives assay measurement of waste drums.

To atzmin arr absolute assay measurement, the A&PCT systems are
calibratecd once= on an absolute detector-efficiency scale by simple
measurerments ©Of a calibrated radioactive point source. We do not need
additional calic=rations for different Pu gram-loadings or matrices. We can do

this becatise tte= computed tomography method takes into account the
geometrs of tives source and detector and their collimators.

For the IMF ACT scanner at LLNL our large-volume HPGe detector has a
diameter of 7.6 =m (3-in.); the collimator aperture is a 5.08 (2-in.) by 5.08 (2-in.)
square and is ==.4 cm (10-in.) long. This means that any unscattered gamma
rays that are ac—epted by the collimator aperture will strike a reasonable
volume of geromanium, i.e., all unscattered gamma-rays strike the detector.
Furthermore, Es=cause the collimator is 10-inches long the incident angles of
these photons zre close to being normal to the detector surface. This makes

the probability Tor the detection of a gamma-ray by the detector approximately
proportional t< the collimator acceptance.

The reconsizaction code accounts for the collimator acceptance during
image reconstrction and assay. The simple geometry of our system makes
this rather stra:zhtforward. The proportionality factor can be determined by
measuring a ca.ibrated radioactive point source on the axis of the collimator
at various distances. For this geometry we can calculate the solid angle of the
collimator and compare it to the measured efficiency. For gamma rays at 400
keV this calibration factor is about 0.5 and since we use a multi-energy source
we can calibrate for all the gamma-ray energies of interest. This calibration

procedure is performed once prior to system operation and only takes a few
hours to complete.
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In either system the calibration only needs to be done once since it only
changes if the collimator is changed or if the detector develops problems. (The
detector performance is easily verified by examination of the active data in

each run.) ‘

I1.C.1.2 Validation of IMPACT o

In order to validate the system we perform measurements on several
known test cases. These cases range from simple tests such as point sources
without attenuators, within uniform attenuators to more difficult studies
such as using very dense mock "sludge” drums. Validation of the single-
detector A&PCT scanner was accomplished through an analysis of
experiments on mock-waste drums containing well-calibrated radioactive
sources. The validation process also included characterization of WIPP
Performance Demonstration Program (PDP) drums and sources when they
became available.

We performed a series of experiments to demonstrate the performance of
the A&PCT method for characterizing radicactive waste drums. Qur first
experiments focused on the ability to correct passively measured data with an
ACT (active) attenuation map. These experiments include a reference PCT
scan acquired with only a passive CT source, i.e. no drum or waste items were
present; hence, there was no attenuation of the source. Then, passive CT
measurements were taken using a 208-L drum filled with one or more mock-
waste matrices and their results were compared to the bare-source PCT
reference scans. Thus, the success of our preliminary measurements was not
the agreement of an absolute assay with the known activity of the source(s);
but rather, how well we were able to correct for attenuation by the drum and
the various mock-waste matrices. This was determined by comparing the
corrected PCT images to the reference scans.

Additional sets of measurements were obtained to study the A&PCT
reconstruction algorithm(s) and their ability to perform an absolute
measurement. These measurements were performed with calibrated passive
sources (e.g. 133Ba) and no waste matrix (corrected with null matrix); simple
uniform attenuators (e.g. aluminum cylinders); or mock-waste drums with
complicated waste matrices. Measurements acquired using the PDP drums
provide a final validation of the A&PCT technique

The validation/baseline includes the following measurements:

~ Empty drum—used to determine background;

— Point source with no attenuators—simple assay check;

- Point source with a uniform Al attenuator—assay
check with uniform, low attenuation;

- Point source with a uniform sand matrix—assay check
with uniform, high attenuation.

- Point source with a heterogeneous attenuator—
rotational verification and assay check with non-
uniform attenuation.
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All of these measurements were used to check/verify the data acquisition
hardware and software, the gamma-ray spectral analysis, and the image
reconstruction for nondestructive assay determinations. Once these were
shown to be correct, we investigated A&PCT assays of mock-waste drums. In
general our approach was to use these simpler mock-waste drums with
known radioactive sources to carry out initial A&PCT scans, then move to
the use of “calibration” drums used to calibrate LLNL’s 5GS system, and
finally, use PDP drums when they became available. '

Once completed, none of the above experiments have to be performed on
a continuous basis unless the IMPACT system hardware or software goes
through a major change, or unless a different data acquisition protocol is
chosen or required. Changes to the gamma-ray spectral analysis software or
image reconstruction software does not require that any data from the above
experiments be re-acquired. The existing data is simply rerun through any
new software developed. Once these experiments were shown to be
successful, and we had run a sufficient number of experiments to approach
the WIPP WAC criteria, then we were ready to assay real-waste drums.

Botivtn

~ice

A TSl -l PN

Figure I1.C.1.2-1: PCT reconstructed images of 3 slice planes of a point source.

A 63.6 uCi **Ba point source was assayed to verify the operation of the
IMPACT scanner and our reconstruction codes. The 356 keV peak was used in
the assay. The point source was placed approximately 12 inches off the axis of
rotation and was scanned with no attenuation. Several slice planes were
acquired above and below the Ba source so that a 3D image could be
reconstructed where all the activity is included. Figure I1.C.1.2-1 shows three
of the five slice images that represent the reconstructed three central slices of
the ™’Ba point source. The location of the point source is well defined in the
images and the activity results are shown in Table IL.C.1.2-1. There is good
agreement between the two MLEM codes and the measured results were
within 6% of the activity of the calibration source. '

Table 11.C.1.2-1: Assay of the "Ba source

63.6 uCi (Ideal) 3D MLEM Recon code
Total Counts (measured) 3.86 x 10°
Activity (measured) 67.3 uCi

% Recovery 105.5%
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Table 11.C-# Comparison of the different A&PCT image reconstruiction and assay codes performance for known
tests with a 133Ba point source, PDP standards within and Ethafoam matrix drum and a PDP standard with no
attenuators.

Sample True :
Source/Attenutor Value UCSF-MLEM APCT-MLEM APCT-CCG
Calc. %R Caic. %R Calc. %R
®Ba/no-atten. 57 uCi 57.1 1.00 59.9 1.05 54.0 0.95
*Ba/ Al pipe 57 uCi 53.1 1.07 55.5 0.96 57.3 1.01
Ba/Sand 57 uCi 52.2 0.92 55.3 0.97 551 0.97
®Ba/Heterogenous l 61.4 1.08 65.5 1.15 47.0 0.83

WG Pu/Ehafoam? (17 sec) J00g | 10r T S | o n T
WG Pu/ Ethafoam? (5 sec.) 0.93 g 1.22 1.31 1.30 1.40 0.397 0.42
PWCTarC ey T T 0T 50 O T R T B T
WG Pu/Or(ZO sec.) 15.0 g 10.4 0.69 10.9 0.73 11.0 0.73

Notes: 1. The source was positioned at the center axis of rotation of the drum.
2. The source was positioned about 1 foot from the center axis of rotation.



I1.C.2 WIT/A&PCT Configuration

We have performed work as a subcontractor to Bio-Imaging Research Inc.,
to integrate our A&PCT technology into a mobile trailer that has two
additional nondestructive evaluation (NDE) technologies. These three
NDE/NDA technologies provide a complete x- and gamma-ray waste
inspection tomography (WIT) capability.[BER95, MAR95] They permit
inspection of waste drums to be carried out at many waste-drum storage sites.
These technologies help characterize waste drums up to 416-liters (110-gals.)
with weights up to 725 kg (1600 Ibs.); and containers up to 92-cm (3 ft.)
diameter and 122 cm (4-ft.) tall. Figure I1.C.2-1 shows a photograph of the
semi-trailer {top) and a schematic layout of the equipment (bottom) within
the trailer. The 60-ft.-long by 8.5-ft.-wide trailer is divided into four areas.

WASTE [NSPECTION TOMOGRAPHY

AUTOMA TED PARIATION
SHIELDED DooR{2)

GAMMA CAMERAS rOR SPECT

SOLID STATE DETECTOR 2 2V LINEAR ACCELERA TR

AA0UY FOR THANSGSSION g SIow CT

RADIATION S e e SPECT
WARNTNG LIBHTS o [ R SToRMSE HoTOR -

Figure II.C.2-1: A photograph of BIR's mobile waste inspection trailer and the
equipment layout.



The rear area proovides space for two 160-L liquid nitrogen containers,
calibration and phantom drums, a 60k BTU heating and air-conditioning
unit, and storage> lockers. The next area is dedicated to drum inspection and
contains a 2-MeW linear accelerator for transmission computed tomography
(TCT) and/or digital radiography (DR). This accelerator is supported by 896
cadmium-tungstwate, solid-state detectors mounted in an array on individual
photodiodes witih septa between each detector to minimize cross talk, in-
plane scatter ancl blooming. To measure emitted gamma-rays, there are two
large, collimated., sodium-iodide [Nal(Tl)] detectors similar to Anger cameras
used in nuclear medicine for single photon emission CT or SPECT. To
identify gamma-ray isotopics there is a highly collimated high-purity
germanium (HP(Ge) detector. A collimated 1.4-mCi 1%mHo radioactive source
is also available to obtain energy specific attenuation data in the active mode.
The third area is an equipment room and entry/exit to the trailer. The most
forward area cortains all of the supporting electronics and a control room
where waste inspection personnel use several computer terminals to operate
the NDE/NDA measurement technologies.

The WIT/A&PCT system is similar to LLNL’s IMPACT system with some
minor variations. The staging system of IMPACT manipulates the drum only
during data acquisition. The WIT/A&PCT staging rotates and elevates the
drum. For ACT the source and detector are pair wise translated instead of the
drum. For PCT only the detector is translated. There is no difference in the
data that is stored when translating the source/detector pair instead of the
drum.

Due to spatial limitations within the WIT trailer it was not possible to use
a detector collimator with an aspect ratio of 10:1 (5.2 cm x 5.2 cm square
aperture and 10 cm length). A detector collimator with an aspect ratio of 5:1
was designed with the provision of using septa to increase the aspect ratio to
obtain the required collimator aspect ratio of 5:1. Septa are highly attenuating,
dividing-plates that run the length of the collimator. These plates help
collimate the gamma-ray beam, and provide an effective aspect ratio that is
better than that provided by the aperture size alone. All other parameters of
the WIT scanner are the same as those used for the IMPACT scanner.

I1.C.2.1 Calibration of WIT/A&PCT

For the BIR/WIT system a similar calibration method to that used for _
IMPACT is employed; however it is slightly complicated by the use of septa in
the shorter collimator. For this system we measure detector response
functions from a calibrated source of multiple energy gamma-rays. The
response functions are obtained from a series of measurements with the
source on the center axis of rotation and displaced from this axis by various
amounts. Typically, we measure three response functions — near center and
far with a Eu-152 source at approximately 30, 50 and 70 cm from the detector
colimator front face. The reconstruction code then folds the appropriate
geometric response function (for generally the 344-keV peak from Eu-152)
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into the calculation of the probability for detecting a gamma-ray emitted from
any voxel in the field of view. :

11.C.2.2 Validation of WIT/A&PCT

The following is a suggested verification procedure that could be used for
the single detector WIT system. The materials required for this procedure will
also be used in the verification procedure for multiple detectors. We
suggested that BIR purchase two NIST traceable sources, one ~10 uCi Eu-152
and one ~10 pCi Ba-133. These sources would be placed in the BIR mock waste
drum in the mid-plane of the combustible layer located at the top of the
drum. The drum would be placed on the staging system of the WIT trailer
with the seam of the drum facing the 2 MeV x-ray source as shown below.

Drum seam

_ Source 2 Source 1
and retainer bolt Ba-133 Eu-152
gl.sakcgs Sand } Combustible
layer or top
3 MeV scan 10 1/3 of drum,
X-ray source ] ;g;hli;grf. X-tay detector
. Place the two sources at

the center slice of the
combustible layer.

Figure I1.C.2-2: Schematic of the drum and validation measurement
proposed for BIR's mobile waste inspection tomography trailer.

A "Ba and Eu source holder should be designed and constructed so that
the two sources extend half way into the combustible region located in the
upper third of the test drum. The source holder should provide positioning
that is repeatable to within approximately #3.2 mm (1/8-in.). '

A technique should be developed to insure that the verification drum is
placed in the same position each time the test is used for a validation check.
This positioning should be repeatable to within £3.2 mm (1/8-in.). After
positioning the drum, active and passive tomography is performed over the
top 25.4 cm (10-in.) of the drum, which corresponds to 5 slice planes. All other
test parameters should be the same as those used in an actual drum assay.
Reconstruction should be performed on several of the isotopic peaks for each
source. The assay results would then be compared to the actual known value
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of the two sources (compensating for the half-life) and compared to previous
measurements. A visual inspection of the reconstructed emission image
would also identify any problems with the assay equipment and software. The
reconstructed images should look the same for each verification assay if the
sources and drum are placed in the same positions prior to the examination
and all positioning are reporduced as designed. An example of what the
reconstructed emission images should look like are shown below.

L

Reconstruction of Reconstruction of
Ba-133 356-keV peak. Eu-152 411-keV peak.

Figure I1.C.2-3: Schematic of the expected CT slice results for the proposed BIR
validation drum procedure shown in figure I1.C.2-2.

A combination of comparing the measured reconstructed assay values to
known and previously measured values and verifying visually the
placement of the two sources should reveal any significant problem that
might exist in the A&PCT system.

III. A&PCT Performance

We have carried out numerous tests of the A&PCT technology on
surrogate and real-TRU waste drums. Both the IMPACT and the
WIT/A&PCT systems were calibrated, validated and used to measure real
wastes at the LLNL. WIT/A&PCT was demonstrated, tested and evaluated at
three sites: (1) The Rocky Flats Environmental Technology Site (RFETS); (2)
Two separate occasions at the INEEL; and (3) Most recently at the Nevada Test
Site.

At LLNL, many of the drums contained multiple 4 and 20-liter (1 and 5-
gallon) containers of solidified chemical radioactive wastes. The RFETS
wastes were all low-density combustible matrices. At INEL the wastes
inctuded both lead-lined and normal drums containing waste matrices of
graphite, glass, metals, wet and dry combustibles and sludge. In almost all
cases plutonium loading of these drums ranged from 1 to 100 grams of **Pu.
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For this report, it is most useful to specify the A&PCT performance as a
function of known waste configurations and emission sources assayed using
both the IMPACT and WIT scanners. If is important to note that these two
scanners do not use exactly the same configuration® over all testing
campaigns; however, they do not differ in any significant ways that would
invalidate intercomparison. Requirements and performance criteria used to
evaluate IMPACT and BIR WIT/A&PCT are presented in the next section.

I1LA Requirements and Performance Criteria

An NDA waste assay system’s utility is defined in terms of its ability to
comply with the requirements and quality assurance objectives for
nondestructive assay as delineated in the National TRU Program (NTP)
Quality Assurance Program Plan (QAPP).[QAP96) The QAPP identifies the
quality of data necessary to meet the specific data quality objectives associated
with the Department of Energy’s (DOE) Waste Isolation Pilot Plant (WIPP)
transuranic (TRU) waste characterization program. Two parameters
describing the waste must be determined; the total alpha activity and the
activity of the individual isotopes present. The quality assurance objectives
(QAO:s) for precision (% relative standard deviation), accuracy (% recovery),
minimum detectable concentration (MDC), completeness, and total bias are
stated in the QAPP. These parameters must be demonstrated over the
spectrum of waste form configurations the assay system is intended to
characterize.

The QAPP also requires that facilities intending to use NDA methods to
generate data for the National TRU program participate in a performance
demonstration program (PDP). The PDP program is designed as an
independent quality assurance test to provide data that supports the overall
QAPP compliance assessment process. The PDP program parameters, criteria
and scoring formalism is used in the following sections to document the
IMPACT and WIT/A&PCT performance where applicable. Additionally, the
RCI and CEP performance tests utilized criteria and scoring formalism found
in the PDP criteria, but are slightly different as described below.

Utility is further evaluated relative to the spectrum of waste form
configurations that the different assay system techniques can accommodate.
The performance of IMPACT and WIT/A&PCT are derived from the data
acquired during their blind tests. The performance evaluation tests are
identical to, or derivatives from, the primary QAPP compliance requirements
and support a direct interpretation of IMPACT and WIT/A&PCT
performance results. Thus, the IMPACT and WIT/A&PCT performance
measures can be readily interpreted relative to the QAPP requirements. The
criteria of these various programs are listed next.

% Since the work presented here has mainly been an R&D effort the scanner configuration
including hardware and software has evolved over time and it would be very difficult to
describe all of the exact configurations used throughout all of the test data sets shown.
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IIL.A.1 Qualtiy Assurance Program Plan—Table 9.1

The performance assessment parameters and evaluation criteria as found
in the NTP program QAPP, Section 9.0, Interim Change are presented in
Table IILA-1. All measurement series that were acquired per the prescriptions
(e.g., 15 replicate non-interferring precision and accuarcy parameters) are
evaluated via the applicable criteria within Table III.A-1. '

Table III.A-1 Quality assurance objectives for nondestructive assay.

Nominal®
Waste Activity | Compliance Point, |  Precision’ Accuracy* Total Bias*
alpha-Ci range® | alpha-Ci (g WG Pu) (%RSD) (%R) (%)

>0.002 - 0.02 0.008 (0.1) <20 75 - 125 low 25
high 400

>0.02 - 0.2 0.08 (1.0} <15 50 - 150 low 35
high 300

>0.2-20 0.8 (10} <10 75 -125 low 67
high 150

>2.0 12.5 (160) <5 75 -125 low 67
high 150

Minimum Detectable Concentration (nCi/g) ---- 60 (100)

a. Applicable range of TRU activity in a 208-liter (55-gallon) drum to which the QAOs apply. Units are
Curies of alpha-emitting TRU isot with half-lives greater than 20 years.

h. The nominal activity (weight of Pu) in the 208-liter (55 gallon) drum used to demonstrate that QAQs can
be achieved for the corresponding range in column 1, values in parentheses are the approximate equivalent
weights of weapons grade plutonium (WG Pu), fifteen years after purification: for purposes of
demonstrating QAGs, "nominal” means + 10 percent.

¢. Plus or minus one standard deviation based on fifteen replicate measurements of a noninterfering matrix.
d. Ratio of measured to known values based on the average of fifteen replicate measurement of a
noninterfering matrix.

e. 95 percent confidence bounds for system bias established by studies to determine contributions to total
unceriainty from all si%njﬁcant sources. Units are confidence bounds divided by true value, expressed as a
percent. Requirement for the QAQ for total uncertainty is to determine and document, but no system wide

values are established.

HI.A.2 Performance Demonstration Program

The NDA Performance Demonstration Program (PDP) is designed to help
ensure compliance with the QAPP QAOs.[PDP97] The PDP consists of periodic
tests conducted of both increasing matrix and source complexities to evaluate
the capability of various technologies to properly characterize TRU waste
throughout the DOE complex. Each test is termed a PDP cycle. These
evaluation cycles are blind tests that provide an objective measure of the
reliability and performance of the various NDA systems. The PDP consists of
a set of 208-L drums and a configuration that includes provisions to install
and physically fasten a matrix in place; and in addition, allow external
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introduction and precise positioning of radioactive standards sources within
the drum. The PDP requires only 6 replicate measurements and removal of
the drum between replicates.

Presently there are 4 drum matrices: air (no matrix), ethafoam,
combustibles and glass. Aluminum source insert fixtures are provided for
each of three insert tube radii; Center or OR, 0.5R and 0.8R, where R is the
drum radius. Radioactive standard(s) are positioned at desired vertical
locations within the three insert fixtures. Several versions of standards will
be used in the program. The initial standards for the first four cycles were
weapons-grade (WG) plutonium dioxide (PuQ,) uniformly mixed in
diatomaceous earth and then encapsulated in a dual stainless steel cylinder
configuration (0.d.: 5 cm, [:23 cm). Each assembled PDP drum for every official
cycle included a tamper indicating seal. Currently 4 cycles have been
completed. The A&PCT technology participated in and passed cycle 2
informally, and formally cycles 3 and 4.

All measurement series that were acquired per the PDP (e.g., 6 replicate
precision and bias parameters) are evaluated via the applicable criteria within
Table III.A-2.

Table II1.A-2 Summary of Performance Demonstration Program (PDP) criteria.

Nominal
Range of Compliance
Waste Point Relative Instrument Total
Activity o-Curies Precision bias Accuracy
(0-Curies) (g WG Pu) (R)) (%R) (%R)
>0-0.04 0.008 40 75-125 (25) Low 40%
(0.1) High 175%
>0.04-0.4 0.08 30 50-150 (50) Low 30%
(1.09) High 200%
>0.4-4.0 0.8 20 50-150 (50) Low 30%
(10) High 200%
>4.0 12.8 10 75-125 (25) Low 50%
{160) High 150%

II1.A.3 Capability Evaluation Project

As part of the MWFA characterization development strategy, a method to
objectively evaluate the utility of waste assay system technologies was
implemented in conjunction with the Characterization Monitoring and
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Sensor Technology (CMST) crosscut area program. This evaluation was
designed to support nondestructive waste assay system technology capability
and deficiency determinations and to facilitate resource allocation to areas
requiring development. The evaluation was also intended to generate
information and data to end user EM30 Waste Management programs to
support appropriate selection and application of a given nondestructive assay
technology to the various waste streams.

The Capability Evaluation Project (CEP) was specified in a manner such
that evidence is derived to substantiate nondestructive waste assay capability
and utility statements as a function of waste type and/or characteristic. The
waste types for which the evaluation is conducted are those contaminated
with transuranic elements. The evaluation program was conducted at the
Idaho National Engineering and Environmental Laboratory (INEEL)
Radioactive Waste Management Complex (RWMC) using actual waste forms
currently in storage and carefully constructed surrogates. To the extent
RWMC waste form attributes approximate other site waste inventories,
statements can also be made regarding system utility per the site of interest.
The capability evaluation plan addressed the acquisition, compilation and
reporting of performance data thereby allowing a given agency a basis for an
objective evaluation of participating waste NDA systems. The evaluation
was structured such that a statement regarding select INEEL RWMC waste
forms can be composed relative to compliance potential for applicable
National TRU Program requirements and criteria.

The test is designed to provide objective and unbiased data regarding the
performance and associated capability of each participating mobile assay
system to the MWFA, to the CMST and to procurers of waste assay system
services and technology holders. The test series consists of a combination of
surrogate waste-form and actual waste-form test samples. The surrogate-type
test samples allow an evaluation of assay system performance where the
matrix and radioactive source constituents and configurations are accurately
known. The actual waste-type test samples are the unique aspect of the CEP
in that performance is assessed with respect to the actual waste forms and -
their associated configurations.

Criteria used to evaluate assay system capability are found in the NTP
program QAPP, Section 9.0, Interim Change version, the Performance
Demonstration Program Plan for Nondestructive Assay for the TRU Waste
Characterization Program and the TRUPACT Transportation
Requirements[REF?-Gregl. Applicable criteria can be readily applied to the
surrogate-type test samples because the alpha activity emplaced in the
surrogate matrix is well known. This allows the accepted scoring formalism
of the NDA PDP program to be utilized in the CEP performance evaluation
process with minor modifications; thus simplifying interpretation and the
derivation of compliance/performance statements.
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The precision and bias QAQOs used for the surrogate-type test samples and
the precision QAOs for the actual RFETS samples are based on the NDA PDP
Program QAOQOs. Modification of the NDA PDP QAOQOs has been performed to

account for the number of replicates (eight) utilized per sample in the CEP
project. The NDA PDP noninterfering and interfering matrix QAOs for
precision are tabulated in Table IlI.A-3. The precision criteria given in Table
ILA-3 apply to both the surrogate and actual RFETS test samples. The
noninterfering and interfering matrix QAOs for bias used in the CEP are
derived from from the PDP (Table IlI.A-2) and are tabulated in Table II1.A-4.

Table II1.A-3 Measured relative precision requirement adjusted for eight
replicates used in the CEP.

Activity Maximum Maximum Measured | Maximum Measured
Range in Allowable Precision (%RSD) Precision (%RSD)
Curies precision @ 8 replicates @ 8 replicates

(95% CB of QAPP QAQ) (noninterfering) (interfering)
>0 to 29.2 < 16.0 < 18.0
0.02
>0.02 to 21.9 <120 < 14.0
0.2
>0.2 to 14.6 < 8.0 < 14.0
2.0
»2.0 7.3 <41 <7.0
Table II1.A-4 CEP Bias QAQs taken from PDP.
Activity Bias QAQ Bias QAO
Range in Values for %R_ and %R, values for %R, and %R
Curies (noninterfering) (interfering)
>0 to 0.02 Low: 75% Low: 40%
High: 125% High: 175%
>0.02 to 0.2 Low: 50% Low: 30%
High: 150% High: 200%
>0.2 to 2.0 Low: 75% Low: 30%
High: 125% High: 200%
>2.0 Low: 75% Low: 50%
High: 125% High: 150%
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IIL.A.4 Rapid Commercialization Initiative Test

Bio-Imaging Research Inc. (BIR) is engaged in a Program Research and
Development Agreement and a Rapid Commercialization Initiative with the
Department of Energy, EM-50. The agreement requires BIR to develop
information sufficient to establish compliance with applicable National TRU
Program waste characterization requirements and associated quality assurance
performance criteria. This effort requires an objective demonstration of the
BIR waste characterization system. As with the CEP project, the goal of the
RCI test project is to provide a mechanism from which evidence can be
derived to substantiate nondestructive assay capability and utility statements
for the BIR system. The performance evaluation parameters and criteria used
in the RCI project are as indicated for the CEP.

Similar to the CEP test project, the RCI test utilized test samples with
configurations representative of a large population of waste types in
inventory at the INEEL RWMC.

HI.B IMPACT Test Descriptions and Performance

All data presented in this section were obtained using the UCSF-MLEM
image reconstruction and assay code. We were not ready to officially
participate in the PDP cycle 2, but we were able to gain access to one of the two
drums. This drum has an ethafoam matrix and was loaded with 4 PDP
standards (three 0.3 g and one 0.03 g of WG Pu).[PDP97a] The attenuation
caused by the drum and ethafoam mafrix was measured by ACT, which
required 17 slices with a ray sum integration time of 10 s. We ran several
complete-sampled PCT scans (14 ray sums, 21 projections, and 17 slices) with
different ray sum integration times as shown in Figure III.B-1. This data
showed that as the integration time decreased the assay result increased. The
increasing amounts of additional Pu mass is attributed to a decreasing signal
relative to the noise in the passive sinogram. The additional mass is due to
the fact that the MLEM algorithm does not accept negative values (see Section
I1.B.3). Thus, for signals that approach the noise level of our system we end
up with a positive assay bias when using the MLEM optimization algorithm.
Methods applied to account for this bias are not always successful; thus, we
developed the CCG method[GOO97]. In the mean time, we need to use
integration times that are sufficiently long to provide a signal that is well
above the noise. Of course, the integration time required is a direct function
of the activity of the drum and its attenuating matrix. For example, we show
below (PDP Cycle 3) that for high activity drums we’ve not yet seen this
positive bias at short integration times.
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PDP002 drum Cycle 2 assay results
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Figure II1.B-1 Summary of the IMPACT assay results as a function of ray-sum
integration time for PDP cycle 2 ethafoam-matrix (PDP002) drum with 0.93 g
of WG Pu. Some integration times were repeated two or three times. Fraction
recovered is our measured result realative to the true value,

A 15 measurement replicate study was completed for one of the four
QAPP activity ranges. Three PDP standards (one 3 g and two 0.3 g of WG Pu)
were loaded into the combustible matrix drum. For all scans 9 slices were
obtained. The ACT ray sum integration time was 15 s. Results for a complete-
sampled (14 ray sums, 21 projections, and 9 slices with a ray sum integration
time of 25 s) PCT data set and an under-sampled PCT data set are shown in
Figure IILB-2. The complete-data set results in an accuracy of 80.4% with a
precision of 2.8%, which meets QAPP requirements. The under-sampled data
were obtained by computationally removing every other ray and projection
from the complete-sample data set. This results in a 4X reduction of the
complete-data set or 7 ray sums, 9 projections and 9 slices. The under-sampled
data precision is 3.9% with an accuracy of 79.0%. Since the difference in these
two data sets is <2% and both meet QAPP requirements, we conclude that we
can use the under sampling protocol to assay a drum and do it in one quarter
the passive data acquisition time. The under-sampled results were verified
experimentally.
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LLNL formally participated in and passed PDP cycle 3. This test consisted of
the combustible-matrix drum with 7 PDP standards (50, 15, two 3, 0.3 and two
0.03 g) resulting in a total of 71.36 g WG Pu; and the glass-matrix drum with 4
PDP standards having a total of 98.3 g WG Pu.[PDP97b] ACT scans consisted of
17 slices with a ray sum integration time of 6 s.

Replicate scans of PDP 003 (combustibles) with 3.6 ¢ WG Plutonium
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Figure II1.B-2 Summary of 15 replicate measurements for the combustible-
matrix (PDP003), 3.6 g WG Pu drum. Complete- and under-sampled (by a
factor of 4) data are shown for comparison.

Cycle-3 results for PDP drum 003 and 004
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Figure II1.B-3 Summary of the assay results for PDP cycle 3 combustible
(PDP003) and glass (PDP004) matrices with 71.36 and 98.3 g of WG Pu,
respectively.
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The PCT data consisted of 7 ray sums, 9 projections and 17 slices with a 20 s
ray sum integration time. Our assay results are summarized in Figure IIL.B-3.
For the drum with the combustible matrix and 71.36 g WG Pu, the measured
mean is 47.1 g. The accuracy is 66.0% with a precision of 0.58%. For the drum
with the glass matrix and 98.3 g WG Pu, the measured mean is 69.9 g, an
accuracy of 71.1% with a precision of 0.84%. The average of the two accuracies
and precisions is 68.5% and 0.7%, respectively. Therefore, the bias of IMPACT
seems to be about 30% low. A representative three-dimensional surface
rendered PCT image of the ®°Pu source distributions in the glass-matrix drum
is shown in Figure II1.B-4.

Two additional measurements were made on the glass matrix drum to
better understand the system bias at shorter integration times. PCT
measurements at 10 and 5 s ray-sum integration times resulted in 69.4 and
69.1 g, respectively. These results agree with the 20 s PCT assay to within 1%,
Thus, for signals well above the system noise our assay results are |
independent of ray-sum integration times.

Figure II1.B-4 Representative three-dimensional surface rendered PCT image
of the ®Pu source distribution in the PDP cycle 3 glass-matrix drum. The
standards for the glass-matrix drum consisted of WG Pu: 65 g at OR, 30 g at
0.5R, 3 g at 0.8R, and 0.3 g at OR at a height from the bottom of the drum of
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40.6, 17.8, 0, and 12.7 cm, respectively. Note that 3 of the 4 standards were
recovered; however, the smallest mass standard was not recovered.

III.C WIT/A&PCT Test Descriptions and Performance

All data presented in this section were obtained using the UCSF-MLEM
image reconstruction and assay code. The WIT scanner has formally
participated in and passed the CEP, RCI, and PDP Cycle-4 performance
measures. For all tests it was important to assay as many drums as possible in
a limited amount of time. Thus it was decided that the A&PCT data needed be
acquired and analysed within ~22 hours. This allowed BIR to acquire both
NDE and NDA data for each drum within a 24 hour period. This was
imposed by field and test conditions. Occasionally we were able to run a drum
over the weekend. We used this longer assay time to acquire data on high-
attenuating and/or low-activity waste drums. This data was acquired only by
BIR personnel (a technician). BIR allowed LLNL to look at all A&PCT data
acquired and analyzed on the WIT ftrailer. For the RCI test we analyzed the
PCT spectroscopy data to provide isotopic analysis for the fional assay report.
The CEP and PDP data assumed that the waste forms assayed were weapons
grade Pu only.

The CEP performance measures consisted of drums with metals, moltent
salt extraction (MSE) salts, Raschig rings, and sludge loaded with 3.23, 67.4,
091, and 4.39 g of ®’Pu, respectively. The performance results for the
WIT/A&PCT technology as determined by the CEP evaluation are shown in
Table III.C.-1. The average of the CEP accuracies and precisions is 109% and
4.8%, respectively. Therefore, the bias of WIT/A&PCT seems to be about 10%
high.

The RCI surrogate drums contained glass, combustible, and metal matrices
with 2.3, 1.0, and 0.8 g of ™Pu, respectively. The RCI RFETS drums contained
graphite, combustible, Raschig rings, filters and sludge matrices with #, #, #,

#, and # g of ™Pu, respectively. The performance results for the
WIT/A&PCT technology via the RCI test project are tabulated in Table III.C-2.
The average of the RCI accuracies and precisions is 119% and 3.8%,
respectively. Therefore, the bias of WIT/A&PCT seems to be about 20% high.

The PDP Cycle 4 performance measure used the drums containing
combustible and zero (or empty) waste matrices loaded with 6.66 (two 3 g, two
0.3 g and two 0.03 g of WG Pu) and 98.3 g (one 50 g, one 30 g, one 15 g, one 3 g
and one 0.3 g of WG Pu) of WG Pu, respectively. The test results are
summarized in the PDP report for Cycle 4.[PDP97c | The PDP results are
presented in tabular form in Section II.D. The average of the PDP accuracies
and precisions is 104% and 2.2%, respectively. Therefore, the bias of
WIT/A&PCT is only 4% high. The weigted average of the three tests
accuracies and precisions is 114% and 3.9%, respectively.
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Table 111.C.-1. BIR WIT/A&PCT perf

ormance evaluation on total alpha activity parameter for CEP test results.
Test | WasteIDC{ WIT | Precision % % Recovery Acceptance
Sample %RSD QAO | Recovery Criteria
ID (%RSD) (/i) (95% Confidence Bounds)
Lower %R | Upper %R I
il SGé6 | 409 (MDE 1.1 <7.0 70.7 50.9 149.1
Salts)
5G9 | 442 (raschig 4.2 < 14.0 154.9 33.5 196.5
ring) il
RF11 }003 (organicj; 128 <14.0 61.1 40.8 189.2
sludge)
“ RF20 ;480 (metals) 1.2 <14.0 148.7 31.0 198.9
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Table III.C-2. BIR WIT/A&PCT performance evaluation on total alpha activit

arameter for RCI test results

Waste IDC Precision } % Recovery | % Recovery Acceptance
QAO (i) Criteria
(%RSD} (95% Confidence Bounds)
Lower %R | Upper %R
1RF 300 {graphite) 7.1 <70 127 57.4 142.6
2RF 336 (moist 2.73 < 18.0 Below DL 43.5 171.5
combustibles)
15G 440 ( glass) 3.89 < 14.0 141.4 32.2 197.8
3RF 442 (raschig ring) 2.95 < 14.0 122 33.1 196.9
25G 330 (dry 4.15 <14.0 162.5 325 197.5
combustibles)
4RF 376 1.54 <7.0 86 51.6 1484
(filters/insulation) Il
35G 480 (metals) 4.15 < 14.0 179.6 33.5 196.5 II
5RF! 001 (inorganic 2.73 <70 14.9 51.2 148.8

Note:

1. 5RF data not fully evaluated at this time.
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III.D Summary of A&PCT Performance

A summary of IMPACT’s and WIT/A&PCT’s performance results are
shown in Table IILD-1. The RCI and CEP performance measures consisted of
real and surrogate drums. Here we only report the surrogate results since they
are the only true knowns. Furthermore since we mainly base all our results to
date on the 414-kev peak of *Pu, values in this table are reported in grams of
®Pu rather than grams of weapons grade Pu or alpha Curie activity.

Figure IIL.D-1 shows the system accuracy for each of these performance
measures as a function of percent recovery. The vertical bar in the figure
represents the allowed error in the accuracy as defined by the QAPP. The ball
in each bar represents the measured percent recovery for each test. Figure
[II.D-2 shows the resulis of precision for these performance measures. The bar
represents the allowed error in precision and the ball represents the measured

Tabie IIL.D-1: IMPACT and WIT blind test results for the assay of surrogate drums

Drum | Measurement | QAPP Acceptance Criteria
Test ‘Rep #/ | SampleID | %R | %RSD | Lowe | Upper | Precision
System | grams | (Matrix) PASS [ PASS/ |r Bias | (MAX)
2Pu / FAIL | Bias | %R %RSD
FAIL % R
IMPACT b Drum 003 66.41 | 1.98 52.08 114792 | 6
PDP-3 (66.76g) | (Comb.) PASS | PASS
IMPACT 6 Drum 004 7039 1193 - 5203 14797 | 6
PDP-3 (91.9g) | (Glass) PASS | PASS
WIT 8 15G 141.4 | 3.89 322 11978 |14
RCI (2.3g) | (Glass) PASS | PASS
WIT 8 2-5G 162.5 |4.15 325 {1975 |14
RCI (1.0g) | (Comb.) PASS | PASS
WIT 8 3-5G 179.6 | 4.15 335 |1965 | 14
RCI (0.8g) | (Metals) PASS | PASS
WIT 6 Drum 003 109.83 1 2.95 33.09 | 19691 | 12
PDP-4 (6.17g) | (Comb.) PASS | PASS
WIT 6 Drum 001 99.06 | 1.54 76.62 | 12338 | 3.5
PDP-4 (91.9g) | (Zero) PASS | PASS
WIT 8 SG-6 707 |11 509 |1491 {7
CEP (67.4g) | (MSE Salt) | PASS | PASS
WIT 8 5G-9 154.9 |42 335 1965 |14
CEP (0.91g) | Raschig PASS | PASS

Note: 1. The RCI and CEP were both scored by DOE INEEL and the PDI? was scored by DOE-CAO. [PDPb,
PDP97¢] All data include 6 (PDP) to 8 {(RCI & CEP) replicates per drum for these tests. All tests
measurements were performed at :

2. Number of replicated scans on top and actual *Pu content on bottom in brackets.



precision as a function of percent relative standard deviation. If the accuracy (or
%R) is plotted as a function of Pu mass, the data suggest our systems have a
high bias (see Figure IIL.D-3) when assaying low mass quantities (less than 10
grams, in 6 out of 7 samples) and a low bias (see Figure 1lI1.D-4) when assaying
high mass quantities (greater than 50 grams, in 3 out of 4 samples).
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Figure III.D-1: PDP, RCI, and CEP performance measure tests demonstrate
accuracy of the IMPACT and WIT scanners. The blue bar represents the
allowed error in the percent of recovery. The yellow ball represents the

percent of measured recovery.
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IMPACT and WIT percision
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Accuracy of performance measures below 10 grams
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Figure II1.D-3: Plot of the accuracy of results from IMPACT and WIT/APCT
systems verses quantity of Pu in waste drums when it is below 10 grams.



Aécuracy of performance measures for 50 to 100 grams
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Figure I11.D-4: Plot of the accuracy of results from IMPACT and WIT/APCT
systmes verses quantity of Pu in a waste drum when greater than 50 grams.

LLNL has developed two A&PCT scanners. The first is at LLNL; the second
is within a mobile WIT trailer. These systems have been used to assay a wide
range of radioactive waste from 1-100 g of Pu within matrices from
combustibles to sludge. The preliminary performance of LLNL’s IMPACT
scanner was determined to have an accuracy of ~70% with a precision to
within a few percent for combustible and glass matrices. Additional R&D is
required to better understand the negative 30% bias for good statistical data
sets and to reduce the high positive bias for poor statistical data. New image
reconstruction and assay codes are near completion and may reduce these
biases. LLNL is also working on automating the isotopic analysis and
determining our systematic uncertainties, as well as determining IMPACT’s
MDC and its performance at the other 3 QAPP activity ranges. Also, the total
uncertainty applicable to IMPACT or WIT/APCT has not been addressed.
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IV. Implementation/Deployment Status

(The current state of both systems? O.K. where are we ; is it ready to
go??)

IV. A Demonstrated Capabilities

We believe that the A&PCT technology has demonstrated that it can
localize, quantify and identify TRU isotopes; and that this quantification can
be done independent of the type of waste matrix. Further, we have
demonstrated that this technology has been successfully transfered from the
R&D realm to an industrial partner. They have begun the commercialization
of this technology and have demonstrated that this technology can be
incorporated into a mobile laboratory. Furthermore, the three NDE and the
two NDA technologies incorporated into this mobile laboratory are fully
automated and are operated by trained technicians. Both the laboratory-based
A&PCT system (IMPACT) and the mobile-based A&PCT system
(WIT/A&PCT) participated and passed all of the performancedtests enteredto
date.

The A&PCT technology provides measurement times that can be scaled to
the amount of activity and to the drum-fill height found within a drum by
the fast survey CGS mode. Thus, A&PCT scan times can be customized to
acquire sufficient statistics to ensure that accurate measurements are made
and time is not wasted scanning a portion of the drum with no radioactivity.

IV.B Limitations

Each specific NDE and NDA technology has intrinsic limitations that
derive from the physical basis of their measurement process. The A&PCT
technology is a gamma-ray based tomographic technique, hence it cannot
quantify isotopes that do not emit gamma-rays. The CAO requirement to
report *’Sr, a pure beta emitter, cannot be measured by this technology.
Similarly, the A&PCT technology is not designed to measure either
spontaneous or induced neutron emissions from within a waste drum. Thus,
the neutron-based NDA technologies can provide vital information that
supplements an assay performed by the A&PCT technology.

Another unfortunate limitation arises from the very low branching ratios
characteristic of many gamma-ray transitions found in transuranic isotopes of
interest to NTP. As an example, the isotope of most interest to NTP, **Pu, has
a brancing ratio of 1x10° for its 414-keV gamma-ray transition. Although the
100-keV gamma-ray transisions found in many transuranic isotopes of
interest do have larger branching ratios, they do not have sufficient energy to
escape from a waste matrix and be detected. Long transuranic half lives and
low gamma-ray transition branching ratios are the primary reasons that the
A&PCT technology is stated to be “physics limited.” We cannot make a long
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half life transuranic isotope decay faster nor increase its branching ratio to
gives us a counting rate higher than nature allows.

Another intrinsic limitation and advantage is that the A&PCT technology
is a tomographic measurement, which means that the PCT mode locates
radioactive sources to within one or more specific small voxels in a waste
drum. A single voxel corresponds to a partial drum volume of only six-ten
thousandths of a 208-liter drum. Unfortunately, this means that many of the
passive tomographic ray sum measurements measure nothing, i.e. no source
emissions.

The physics limited aspects of long-half lives and small branching ratios
coupled with the required tomographic measurement protocol serve to limit
waste drum throughput. This limitation has the geatest impact on those
drums having the lowest transuranic loadings (0.002 - 0.02 aCi) and those
near the MDC limit. Therefore, for these drums measurement times must
necessarily be longer to obtain better counting statistics, which will resultin
more accurate assays. The best we can do to solve the physics limited and
throughput limitations is to increase the number of detectors and thereby
increase our sensitivity while still preserving the principles of tomographic
imaging and assay. Future work planned will clarify what can be achieved as
described below.

Another limitation maybe the A&PCT technology’s ability to correct for
very large transuranic lumps (or clumps) of material from 1 cm to 3 cm in
diameter. Even small 1-mm diameter-sized spheres of a TRU isotope are self
absorbing of their own emitted gamma-radiations. A 2.54 ¢cm lump may not
be properly imaged by the ACT transmission method since it occupies less
than 7% of its voxel volume. Thus, the proper quantification of such a sphere
of TRU material would derive by combining results from NDE digital
radiogrpahy and/or tomography with the NDA A&PCT results and perhaps
even with NDA neutron based results. This is an excellent example where
the fusion of results from one or several NDE modes with results from
neutron- and gamma-ray based NDA systems may provide more accurate
waste drum characterizations.

IV.C Future Development Activities

There are five areas associated with the A&PCT technology that are
currently being developed or should be further developed. They include
multiple detectors, “smart” scan techniques to shorten drum scan times,
further optimization of the automated isotopic analysis program, continued
testing of lump correction techniques, and the fusion of other NDE and NDA
modalities that could lead to more accurate assay values and imore complete
waste characterizations.

IV.C.1 Multiple detector development
As mentioned in the previous section, one limiting restriction to the
A&PCT technology is the relatively long scan time required to assay a drum..
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In part, LG CIOMETESCAN times are due to the use of only a single HPGe detector for
recordine= zar=sta, and the overhead (time spent) associated with discrete

moveme==""" ===~ the drum when no data is data acquired. We are working on

methods =& =o'~ Zreduce data acquisition scan times in the ACT and PCT modes
without —=comr—IDromising the accuracy of the assay[ROB97].

We :-=r= - »7orking with BIR to upgrade the WIT A&PCT scanner to
INCOTPOT=IAIE" -multiple detectors and to include a continuous motion scanning
mode. Frzzmm= [V.C.1-1 shows the expected speed up of the new scanner (red
and gres==". ._—nes) and is compared to the current single-detector A&PCT
scanner :cim== line). The ACT and PCT ray sum integration times used for a
drum assssav are dependent on the waste matrix gamma-ray attenuation and
the actz——~:rv— :#2vel of the transuranic radioisotopes. Depending on the ray sum
integrazIon” —Imes used, the new A&PCT system design should reduce the
countimz= = by a factor of 10 for the long integration times currentl

. y
requiress" W ZESsay low waste activity and to perhaps as much as a factor of 100
for hie— ~w=azmte radioactivities.
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poth active and passive modes.
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IV.C.2 Smart Scan techniques

There are methods that will increase the throughput of the A&PCT
technology. In certain circumstances, there may be a large increase in
throughput gained by implementing a scan geometry that differs from
traditional computed tomography. For example, sludge drums are a challenge
to gamma-ray-based assay systems, particularly in the active mode. In the
passive mode, the internal isotopic sources only need to penetrate half the
diameter of the drum to be detected; however, in the active mode, the
transmission gamma rays need to penetrate the entire diameter of the drum
before they are detected. Acquiring active data on sludge drums can be a time
consuming effort because each ray sum requires a long integration time to
collect the necessary statistics for image reconstruction. Increasing the active
source strength is one method to improve this situation; however, there are
problems associated with license thresholds, safety of personnel, size and
weight of the required shielding, and saturation of the detectors when the
sludge is not in the field of view (i.e., the drum may not be filled all the way
to the top with sludge).

One solution may be to develop a “smart” scan scenario for sludge waste
drums. If they are found to be relatively homogeneous when evaluated by an
NDE radiographic or transmission CT system, then a single active projection
of the drum is all that is required to reconstruct the active volume image. If
the drum is homogeneous, all projections will be identical throughout the
drum. The single projection would be duplicated the required amount of
times to produce the entireactive volume image. This smart scan method
would decrease the active scan counting time by a factor of up to 350. There
may be other smart scan scenarios that may be waste matrix dependent.
These could be investigated and increase waste drum throughput.

IV.C.3 Automated isotopic analysis

We have developed an automated isotopic analysis program for TRU
waste. This program designed to be flexible so that it can be tailored to
expected waste streams. Qur experience in analyzing TRU waste isotopics will
increase over time and reveal additiens that could improve the isotopic code.
These enhancements may include the addition of isotopes that were not
initially expected in the TRU waste streams, and optimization for isotopes
that occur more than originally expected. Incorporating these and other
future experiences will lead to a more robust operation of the code.

IV.C.4 Lump Corrections

Lump correction is required when the size of the material lump being
assayed is massive enough to self-absorbed its own gamma ray emissions.
Although we have developed a method to correct for the self-attenuation
expected from certain size lumps of Py, it may be possible to improve this
technique by other methods. Just recently (August 1998) the PDP sources that
exhibit problems associated with self-absorption have become available.
These PDP sources are well characterized and should reveal what methods
show the most promise for solving this problem. However, these sources
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should aiseso be used to evaluate and optimize current methods that show

promise oD~ solving the lump problem. Further work may be necessary in this
area to- desvelop new methods or improve existing methods for lump
COTTeCtIONTS:.

One poossible solution to this problem is to use a high-spatial resolution
transr=ssizon computed tomography volume image fused with the A&PCT
image to .dentify where TRU lumps are located. If the TRU lumps can be
identified  within the transmission CT image, a segmentation process can be
performec on the volume to extract the objects. Segmentation is a process
that is use=d to remove an object of interest from a CT volume image based on
pixel valuz=s and connectivity. Once the TRU lump is computationally
removed. the volume can be determined from the dimensionally correct
pixel nurner that represents the object. If this method is feasible, it could be
implemerzed on a system like the WIT trailer because it contains a
transmissron CT scanner that has adequate spatial resolution.

IV.C.5 Daz=2 Fusion

Data fssion is the process of integrating the results from both NDE and
NDA charmacterization techniques to achieve a more accurate assay or to
increase tme confidence of an assay. This effort is in its infantcy and a lot of
effort remmmins to be developed. The integration of A&PCT quantitative data
and NDE nigh spatial resolution data may solve problems related to lump
correctior= as mentioned above. Also, NDE radiographs or CT images can be
used to destermine information about the homogeneity of a drum that in turn
can be used to determine the optimum A&PCT scan geometry that should be
used to oortain maximum throughput. The integration of other NDA assay
data with A&PCT data sets will provide increased accuracy and confidence.

V. Conclusions

(summarize performance and indicate present demonstrated capabilities)
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