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\BSTRACT

"urrent methods for the non-destructive assay (NDA) of
pecial nuclear materials (SNM) in 208-L drums can give
ssay errors of 100% or more when the dram matrix and/or
adionuclide distribution is nonumiform. To address this
roblem, we have developed the tomographic-gamma-scanner
T(:S) method for assaying heterogeneous drunmimed SNM.
‘GS improves on the well-established segmented-gamma-
sanner (SGS) method by performing low-resolution
ymographic emission and transmission scans on the drum,
iclding coarse three-dimensional images of the matrix

ensity and radionuclide distiibutions. The images are used to
ke accurate, point-to-point attenuation corrections, The
GS peometric counting efficiency s 60% that of a typical
GS device, allowing a TGS assay time of only 28 min per
rum with a onc-detector system. TGS miay also be usetul tor
on-destructive exammation (NDE). Currently, TGS is the
nly practical method of imaging SNM in drums.

INTRODUCTION

Futare nuclear fuel cycles are expected to generate
KL waste deums that have no high level contaminanion and
v classitied as U"contact handled,” but that contiin unknown
nounts of UL P, and other special miclear nuteraal
sNM) and transuranic CTRUY ssotopes. The safe and eco
amie disposition of these duuns wilb iequire non-destructive
way (NDYA)Y to measure the amount of SNMZTRU waste in
wh drvm. Morcover, m the hght of carrent repulatory trends,
seenn likely that fatuee iegulanons will dictate that all sach
ums be well chaacternized, This as alieady the case wath
RUD waste, which is subject toa prowing assoriment of ales
at either presume o knowledype of the TRU Toading, or
(phicitly requae some torm of NDA,
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Curreni methods for the NDA of SNM/TRU waste in
208-L drums rely on the assumption that both the drum matrix
and the SNM/TRU radionuclides are homogencously distrib-
uted within the drure. When this condition is not met and the
matrix is non-benign, large assay errors can result. This s true
for neutron-based NDA methods as well as for gamma-ray
spectroscopic methods. The problem in either case is that the
matrix effects are substantial and depend sensitively on the
actual distribution of radionuclides and matrix materials, soa
homogencous drum assumption is not justitied in general. To
address this problem, we have developed the tomographic-
gamma-scanner (TGS) method for assaying heterogencous
drumimed SNM/TRU waste.

Like the well-established segmented-pammi-scanner
(SGS) method, the TGS method uses a high -punty germanium
(HPGe) detector to connt gamma-ray ¢missions {rom the
drum and to measure the tansmission of gamma tays through
the drum from an external source, The passive dinm enmis-
stons (typcally from 2Puand YU although nearly any
panma-cmitter can be assayed) are the basis for the assay,
while the transnussion measurements are used to corredt for
the atenuation of gammi rays m the deam mateex, The SGS
methad makes asingle connt for cach gimmi rav of interest
m cich of several horizontal Layers of the deam and estimides
attenuation correcthions based ona umform: laver assumption,
The TGS method improves on the SGS method by pertorminy
low resolution tomographic emission and transmission
on cach layer, yielding coarse miages of the matincdensity
and radionuchde distibutions, The matrec density ragwe i
used o compute paint to poimtatteniianion corrections tor the
cnssion mage. I other words, the paimma v tenuation
corrections used i the TGS method are based onthe actial
disttibution of radionuelides ind absoghimg: matoes, rather than
on aone case Nts all assumption about the distobation The
resultas a stgrntheant improvemeni mssay acemaey fon
heteropencous drums,



cale drum scanner' and on the construction of our full-scale
‘08-L-drum experimental prototype scanner.” Since that time,
he scanner configuration has bee 1 modified to give signifi-
antly improved counting efficie: cy. In this paper, we repont
n the performance of our prototype device as it is now
onfigured. We are currently constructing a well-engineered,
ield-ready TGS system that has the same basic configuration
s our prototype. This turmkey scanner, which is scheduled to
e ready for testing and evaluation in the summer of 1993,
/ill have essentially the same accuracy as our experimental
rototype.

[. EXPERIMENTAL DETAILS
A. Scanner Configuration

In its current configuration, our experimental prototype
'GS uses a 15.2-cm-deep collimator with a 2.5:1 aspect ratio
:ompared to the 9:1 aspect ratio ordinarily used in single-
hoton emission computed tomography, or SPECT). With this
w-aspect collimator, our prototype TGS has 60% of the
sunting efficiency of a typical SGS using an equivalent
IPGe detector. Thus, a 28-min TGS assay will have the same
msitivity as an analogous 17-min SGS assay. « With its 70% -
(ficiency HPGe detector, our newer TGS unit will actually
wve a better overall sensitivity - in the same assay time - than
any existing SGS unis,) Other recent changes in the scan
afiguration include (1) the collection of 150 two-thirds-
'cond counts on each layer instead of 10 one-second counts;
) the reduction of the Tayer thickness to 5.7 em, giving 10
yers per drom instead of 15, and (3) the use or an improved
nage reconstruction algorithm. Otherwise, the scanner
wifipuration is the same as described earlier)?

We nsed the computer code TGS FIT to reconstruct
GiS imaees and obtain rdionuclide masses. TGS FIET offers
number of imape reconstruetion options, The approach
owd here uses the algebrae reconstiiction iechnique
\R'T) to reconstruct trassmission (density ) imagres and the
cpectation nivannzation (EM) micthod 1o recondruct the
tenuation ¢otrected enussion (vadienuchde intensaty or
ass) muges. The imagres produced have a tesolution of one
mdied 61 by 6 1 by 8.7 ¢ volume elements (voxels) per
vor, We normally scan an additional laver below the diam,
ving o totad of 17 Tavers, or T voxels,

. Mock Waste Diums

To evaluate the accuracy of the TGS, we nade awenes
assays ol o singele 9849 poanctalhie “7Pu sonree placed
terent hespht, and cadial positions within mock waste
ums ol varyimg densities and degrees of homogeneny, ‘Fhe
sumption belund hes test s that asingle pont sonree 1s the

heterogeneity of the emitting radionuclide and, thus, i the
distributior most likely to result in a large assay bias, This is
without doubt true for SGS assays; whether it is strictly true
for TGS assays is a matter of current study. The tew assays
we have performed using multiple (2-4) sources showed
noticcably better accuracy than similar assays of a single
source, which tends to support the assumpiion.

We used a relatively large *Pu source to obtain good
counting statistics in all measurements, as we are interested in
gauging the accuracy of the method without the complicating
cffect of poor statistics. As is well documented elsewhere.!
metallic **Pu particles are subject to self-attenuation (the so-
called “lumping” problem), which results in a low assay bias
when the average particle size exceeds ~ 1 mm, This can be
corrected for (to a point) in both SGS and TGS assays using
the difterential absoiy tion technique. However, our Y8.9-g
source is too large for this correction method to be used. The
apparent mass of the source, based on the intensity of the
J117-keV pamma-rays used for assays, is only 13.0 g, Since
we are only concerned here with matrix corrections, we will
ignore this difficulty and treat the source as having a miiss of
13.0 g; that is, references to the “true”™ mass should be under-
stood to mean the apparent mass of 13.0 g,

The mock-waste forms that we used are described
below:

Case L. No drum (1.¢.. source mounted on a lreestanding,
low-7. source holder),

Case ;A theee layer drim, with o homogenous dimmp
sand fayer in the lower third of the diam
(p = 2.0 g/em"), a homogencous polyethylene bead
layer in the middle third (p =2 09 p/em*y and airm
the top third.

Case [T A heterogencous, moderate density droum Gaverape
Laver p = 0.2 10 0.9 p/em’y contaming alunmim
scrap, slabs of 5.1 ¢ thick polvethvlene, and Ly

styrofoan blocks,

Case IV: A heteropencous, hagh density diom tavernagee laver
o0 Vo LS plen ) contaiming assorted electiom
serap mixed with vags, Lib coats, hooties and

citdboard hoxes,

Fach of the 208 1. dinns had thin walled, apoyhe sdumimum
tubes umbedded in the matiecat different sadual positions to
allow reproducible msertton of isonee (or someest s the
matnx Ina senes of assavs mvolving diflerent poations ol
the source, vertieal spacimgs of ST em were osed so that the
souree would not alwiays be at the same relinive posation
within a Layer greeall that the Laver thickness sy 7 enn



compare the TGS assay results for Cases [Tand IV with SGS
assay results for the same source posttions in the same drums.
We obtained the SGS measurements by modifying our
experimental prototype TGS unit to perform SGS assays. All
this required in terms of hardware modification was replacing
the TGS collimator with a 15.2-cm-deep SGS-type slit
collimator. We then used a separate software package to drive
the scariner and collect the data in SGS mode. The data were
analyzed using standard SGS methods.’

Our experimental prototype uses a relatively weak '"Ba
transmission source (~ (0.5 mCi, compared to the preferred
source strength of ~ 10 mCi) for analysis of the 413.7-keV
peak in *"Pu. To compensate, we used a two-pass approach,
with a 28-min emission scan and a separate, 9-h extended
transmission scan. The assumption here is that a 9-h scan with
the weak source is essentially equivalent to a “normal™ 28-min
scan with a full-strength transmission source, For multiple
assays of the same drum, a single transmission scan was used
for all the (emission) assays in a series. This probably repre-
sents the largest departure from realistic conditions in our
:xperimental data. A “real” ‘TGS deviee, like current SGS
levices, would use o stronger source, probably “Se instead of

"Ba. The normal mode of operation would be a one-pass
sean, in which the transmission and emission dat are col-
ccted simultancously.

Figure 1(a) shows a "' Co radiograph of the aluminum «
scrap mock-waste drum (Case I in the text; Fig. 1(b) show
a tomographic projection (summed side view) of the TGS
transmission image tor the same drum. This projection is
equivalent (in concept) to the radiograph in (a), so the TGS
image quality can be judged by comparison. We can see that
while the TGS density image is too coarse to observe details,
it matches the radiographed image quite well and accurately
reveals the gross features of the matrix. In addition, the
corresponding emission image in Fig. 1(¢) clearly shows the
position of the “"Pu source inside the drum.

A. Case It Assays of a Free-Standing Source

An important design goal was to achiceve a nearly
uniform poeint-source response throughout the active assay
volume of the TGS in the absence of any gamma-ray attemu-
tion; tha is, for a free-standing point source. This condition
does not hold for SGS, which will give ditterent resalis tor a
point source at the center of the active volume than tor a
source at the periphery. Also, for point sources nean the drum
periphery, there will generally be a 10 o 15% assay difierene
caused by vertical variations: that is, a source haltway be
tween two layers wall assay 1010 159 higher than one i the
center of a layer. Nor can one assume that these problems wal
disappear in i tomographic assay.
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1S, we made 52 assays of a free-standing source (Case |
ove) at different positions within the TGS assay active
lume (that is, within the volume defined by a 208-L drum).
¢ horizontal positions were more-or-less uniformly distrib-
d radially, with some at the (horizontal) center of 2 voxel,
ne in-between two voxels, some at the corner of four

xels, and others placed simply at random. For exch of thes:z
rizontal positions, assays were made at four different

tical positions in increments of one-eighth of a layer

76 cm). The assays involved between 14,000 and 20,000
al net counts per assay, with corresponding standard
J7ations (in the total counts) between 0.88% and 1.04%.
us, with a uniform spatial response and with no statistical
or amplification in the image reconstruction process, the 52
ays in this series would be expected to exhibit a standard
dAation of - 0.95% (the average).

Figure 2 shows the measured eor distribution (fre-
:ncy histogram) for the series of free-standing-sonree
ays, compired with the statistical-error-only distribution.
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appears to be slightly bi-maodaly, has a standard deviation of
I.X3%. Assuming that the statistical and systematic errors
combine in quadrature, we can estimate that the maximum
standard deviation attributa "= to positional variation - in the
absence of any gamma-ray attenuation - is 1.55%.

B. Case II: Assays in Uniform Matrices
Figure 3 shows the results (expressed as a ratio of the

measured-to-true mass) of TGS and SGS assays of the 98.9-g
*“Pu point source in homogeneous matrices of sand, polyeth-

ylene beads, and air, as a function of the distance of the source

from the drum center (Case I1). The SGS assay values for the
sand and for the polyethylene bead layers are connected with
dashed lines to emphasize the upward trend as the source 1s
moved from the center of the drum to the outside. This trend
is casily understood in terms of the SGS homogencous drum
assumption.

Figure 2 - The error distribution of 52 TGS assays of a free
stunding source at various positions (Case ). The purely
statistical error distribution, based on nuclear counting staustics
in the raw dati, had an average standard deviation of 0957 ay
indicated by the overliid gaussian function. The additional error
is o measure of the unifornuty of the spatial response,
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applied 0 all scans of a given laver, regardless of the radial
)sition of the source. In the sand matrix, a source is attenu-
ad by a factor of 12 more in the center of the drum than at

e outside, so with SGS - no matter how good the correction -
ere must always be a factor of 12 difference between the
says for these extreme cases. A uniform distribution re-

tires a correction factor somewhere in-between the ex-

:mes, and so the SGS assay under-corrects sources in the
nter and over-corrects sources at the outside of the drum.

The attenuation of gamma rays in polyethylene beads is
is severe than in sand; the variation in assay vitlue as a
nction of position is roughly half that seen in the sand
atrix. The general trend, however, is the same. As would be
pected, the SGS assays with no matrix (air layer) show no
nificant bias as a function of position.

In contrast to the SGS results, the TGS assay results are
iformly accurate at all positions in all three matrices. This is
cuuse the TGS method applies attenuation corrections that
» specific to the source positions, as determined by the
age reconstruction process. [t must be stressed that sand is a
Ticult marrix and requires longer than normat assay tunes
- goad counting statistics (we used 9-h emission counts for
: 3 inner positions in the sand matrix to obtain 1% or better
distics), Even so, the accuracy obtainable is impressive.
msider that the TGS assay for the center of the sand layer
plied an attenuation correction tactor of 25 and gave a result
thin 8% of the true value.

C. Cuse I Assays in the Aluminum Scrap Drum

Gamma-ray attenuation in complex materials is non-
rraging, in that an absorber composed of alternating zones
high- and low-density matenal attenuates less than a
iform absorber having the siome average density. Thus, it
ikd be argued that matrices with a fine-grained, complex
neture (that is, with variations ona smalier scale than the
i8S resolurron) will not be correctly wasayed, The simple
ponse o s (for hoth TGS and SGS assiavs) s that the
narveraging eltect should be approxinitely the same for

transnussten souree s for the gamma rays conung from
ide the drum, This is probably true for naay droms

nwever, i s casy o mupgine cases where the proxinty ot
siternal sonzee nkes the maetene appear etther more on less
anating than it does to the more distint e stemal sonee,

The modere densaty alummunm sctap mock wasie dram
e D was osed to st the etect ot a hine praned, hetego
wous nutiex on TGS assay acentiwey. As can be seen (o an
ent) in the cuhopiaph m Frg. Ten, the mateex for this doam
nade ap of small denncter alummam (p - 207 plem®) rods,
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miteniais. In addition to the alununum scrap, there are also a
few sreel and brass pieces. A matrix of this complexity might
casily “fool™ th: TGS assay by virue of the non-averaging
effect just described.

Figure 4 shows the error distribution in 48 assays of the
““Pu source at 16 vertical positions in each of 3 radial posi-
tions in the Case III (aluminum scrap) mock-waste drum. The
average standard deviation in the raw data was 1.6% (us
illustrated by the overlaid gaussian distribution). The standar.
deviation in the TGS assay values was 5.5%, implying a
maximum of 5.3% systematic error. This is good accuracy and
gives us some confidence that good attenuation corrections
can be obtained even n a complex matrix. Still, the detailed
distribution of errors appears too broad-tailed 1o be gaussian.
It looks more like the 5.3% error is the sum of & narrower
crror distribution (say, 2 to 3%) and a smallcr, broad outher
distribution (up to the largest error of 14%).

D. Case IV: Assays in the Electronic Scrap Drum

Figures S(a) and 5(b) compare the results of 60 SGS and
TGS assavs of the 98.9-g “"Pu source at various posilions
within the electronic scrap mock-waste drum (Case [V The
SGS transmission values for the external ' Ba transmission
source ranged from 0.017 to 041, The drum mitrix, while
complex, can ke broadly broken down into a regron of high

25 - ) T P -
,\
| \
. ]
20 ! \ Stahshenl
" \ onor distnbution
| \ (sigrmay - 1 6%)
™ |
Q 15 Fi
T I
§ sigmn - & % .' \
1 Y
U0 ,'
!
I
) ]
hl ,
/
oemmt . 1 ¥ O ewen
09 oy 09 09Y 10 10O 11 B AN 1.

Moasurad/irue mass

Fripure 8 Varog distibution ol A8 TGS assns of a0 7
sonree mdiflerent positions m i heteropencous, modecate
densty DR Fmock waste dinm (Case D The pases
ctatistical erron dhistnbutiens i the raw datacaveraped 105 s
mndicated by the overhud panssian functnon The addiiional
crror s meastre of the aceuracy for thus set ol ansays



Measured/true mass

——- True mass

—o— r=29.2cm

—o— r=20.3cm

(b) o :2 ' T T —o— r=10.2cm
é 1'.4 TGS Assays, Electronic Scrap Drum _ —o— =0cm
o
2
o
g
3
@

«©
7}
=2
0 i 1 1
0 20 40 60 80

Height (cm)

ure § - Comparison of SGS and TGS assays of a *"Pu source at 60 different positions in a heterogeneous mock-waste drum. This
m (Case IV in the text) contains dense electronic scrap tilled in with labeoats, booties, and empty cardboard boxes. The (SGS)
rage transmission of 356-keV '"'Ba gamma rays through the drum ranges between 0.017 and 0.412. () SGS assay results as i
ction of height in the drum, for varicus radial positions (r). (b) TGS assay results for the same positions.

isity (in the bottom), a region of moderate-to-high density
the middle)., and a region of low-to-moderate density (at
top). The magnitude of the vartations in SGS assays

sely toliows this division, with the largest vanations (from
ictor of 2.2 too low 10 1.7 too high) in the high-density

ion and the smallest variations in the low-density region,
sstanddird deviation for the 60 SGS assays was 20.1%.

The TGS assay vilues for the same drum (Fig, Sb)an
trast, are clustered closely about the correct value, having
andard devic a Tor the 60 assays of 849%-The purely
istical errors i the assays thased on the crror i the raw
O rangred from 1o S7% with most cases closer to 1'% We
ane that the additional vination in the 'TOS resalts s
sty svstenitie error,

CONCLUSION

The data presented here demonstrate the supenor
aracy of TGS assays, compated with SGS assays, Tor very
copencous radionuclide distmbutions m moderate to high
sty matrees, Out intentiion wis not to pise questions
ut the accuracy of SGS i all ikelihood, onty s simall

fraction of the SNM/TRU waste drums praduced i present
and future nuclear fuel cycles will be as heterogencous as
those used in this study. Morcover, the miatrices studied
included some extreme cases. A sand matvix would normally
be rejected as being o dense for an SGS assay, and the
density of the electronic scrap drum was at the margins off
acceptability. Our intention, rather, was to illustrate that the
TGS paves accurate results even in difficult cases. Because of
the potential for errors, it is uswally recommended that the
SGS incthod be used only for drums with low density matrr-
ces, or with moderate: to high-density matrices tat are known
to be uniform. The practical advantage of the TGS method s
that it allows moderate - 1o high density drams that e not
definitely known to be homogenous to he assayed with
confidence, extending the range of drams that can be assayed.

An additional advantage over all othey carrent NDA
methods is that a TGS assay provides the opetator with a
vistal imape of the drum mateix and SNM distisbution, The
TGS emisston nape can be used, Tor example, to locate and
quentdy radoactive ot spots™ wathaa a dieimn. P would be
uselul for repachagmg drums that exceed SNMZTRU Lead
hints,



ared with the SGS method, is its longer assay time. Because
ven heterogeneous low-density drums (drums with a maxi-
wm layer density of 0.5 g/cm’ or less) can be accurately
ssayed with an SGS, we expect that future systems will
ombine the SGS and TGS methods in one unit.
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