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\BSTRACT

‘urrent methods far the nan-destructive assay iINDA) af
pecial nnclear materials (SNM) in 208-L drums can give
ssay errors at’ 100% ar mare wheicthe dram matrix and/ar
adiannelide distribution is nanumifarm. To address this
rablem, we have develaped the tamographic-gamma-scanner
T(iS) method for assaying heteragencous drmmmed SNM.
‘GS impraves an the well-established segmented-pamma-
smner (SGS) methad by perfurming low-resalntian
nagraphic emission and transmissian scans an the drum,
iclding coarse three-dimensional images of the matrix

ensity and radionnetide distribntians, ‘The images are nsed ta
ke accurate, point-ta-paint attenmatian carrections, The
‘GS geometric connting efficiency s 607% that at a typical
GS device, allawing a TGS assay time ol onty 28 win per
rumt with a one-detector systen. TGS may also be usetnd for
on-destrietice exannmation (NDE). Carrently, TGS s the
uty practical imethod of maging SNM i droms,

INTRODUCTION

Fure imclear fuel cyceles are expected to penerate
IR waste dinms tiat have no frigh Tevel contavmanion ad
e classihied as “contact hiandled,”™ bt that contain niknown
nonnts of U and orier specrad nnelear matenad
INMD)aind trimsaranice CERUD isotopes. The safe and eco
e disposition of these dims will ieguire non-destmetive
Say ANDA) 1o measnre the ot of SNMZTRU waste m
wh dimmn, Morcover, mthe hight of enrent repgnlatory trends,
seems likely that mome wegnlanons will dictate dat all snch
s be well chnactenized, This s alieady the case with
RUN waste, whieh is snbyect toa prowig assostimesal o imhes
at cither presimme a kpowledgpe of the TRU taading or
phatly regune some tonm of NDA,

Dpeved byabe V8 S Departimem ot Energy by the Vanversiy
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Curreni methods tar the NDA of SNM/TRU wasie in
208-L drums rely on the assumptian that both the drmm niatrix
and the SNM/TRU radionnelides are homagenconsly distrib-
nted within the drurmm. When this candition is nat met and the
matrix is non-benign, large assay crrars can resnlt, Tiis s tme
for nentran-based NDA methads as welt as for gmmima-ray
spectrascapic methods. The prablem in either case is that the
matrix effects are substantial and depend sensitively on the
actual distribntian af radiannclides :amd matrix matenats, soa
hamageneaus drum assumptian is nag jnstified in general. To
address this problem, we have de veloped the tomographic-
ganmmma-scanner (TGS) method far assaymg heteragencons
drinnined SNM/TRU waste.

Like the well-established segmented-gama-seamer
(SGS) methad, the TGS methad nses a gl oty germaninm
(11PGe) detector o commt gannuna-ray comssions {rom the
drm and to measnre the wmsmission of ganima vavs tirongh
the donn tronmn an external somvee, The passive donn ennse
sions (typneally from ““Pucand U althongh nearfy any
panmm-cnntter cam be assayed) e the basis for the assay.
white the transunssion measnrements are nsed to coneet for
the atematon of g rays mn the drmn matnx, The SGS
wethod neakes asingte comt Tor cach g ray of mterest
m each of several horizontaf Tayers of the drmm ] estinsdes
attemition corvections based onammtonn Liver assmmption,
The TGS merthad improves on the SGS method by pertornmnge
low resolntion tomographic camssion and tnsamssion seane
un cadh taiyer, yielding coarse mages of the nam densiy
and radionnchde distmbntons, The matrme density aape s
used 10 compnte point to point attemiition coney tems G
cinssion image. I other words, the gammma tav atemnnm
corrections iused m the TGS method e based v e acial
distidmtion of radionnclides and absorbing matos, e thaa
i one case fits all assmnption abont the dianbonon e
sl s a spanficant nuprovemens m ey aeeaae s to
heteropencons dimms,



cale drum scanner' and on the construction of anr fll-zcale
‘08-L-drum experimental protatype scanner.’ Since that time,
he scanner configuration has bee 1 modified to give signifi-
antly improved connting efficie: cy. In this paper, we report
n the performance af onr pratotype device as it is now
anfigured. We are currently canstructing a well-cuginecred,
icld-ready TGS system that has the same basic confignratian
s our prototype. This tumkey scanner, which is scheduled ta
¢ ready for testing and evaluatian in the summer at 1993,
/i1t have essentially the saume accuricy as our ¢xperimental
ratotype.

. EXPERIMENTAL DETAILS
A. Scanner Canfiguration

In its current canfiguratian, aur experimentat prototype
‘GS uses a 15.2-cm-deep collimatar wirh a 2.5:1 aspect ratia
:ompared to the 9:1 aspect ratia ordinarily used in single-
hotan emissian compnted tomography, or SPEECT). With this
w-aspect collimatar, anr pratatype TGS has 60% of the
anting efficiency af a typical SGS nsing an equivalent
1Ge detectar. Thus, a 28-min TGS assay will have the same
nsitivity as an analagaus 1 7-min SGS assay. * With its 70% -
[Ticicncy HPGe detectar, onr newer TGS nnit will actnally
ave a better averall sensitivity - in the samie assay tinie - than
uny existing SGS mis,) Other recent changes in the scan
fignratian inclnde (1) the collectian of 150 two-thirds-
:cond comts on each fayer istead of 100 one-second comits
) the rednction of the fayer thickness to 5.7 em, giving 16
yers per dium instead of 155 and (3) the nse o2 animprroved
nage reconstructiom algontinm, Otherwise, the scannmer
mifignraton is the sime as deseribed carier.’

We nsed the compriter code TGS 117 o reconstruct
GS mages and obtain radionnehde masses. TGS T offers
mmber of image recansimietion options, The apgroach
itow.d here nses the afgebrne reconstmetion echnigue
ART) to reconstrnet traasmission (density 7 inagtes amd the
grectation maxmmzation (M) mcthod orecon<tmet the
temution ¢orrected comssion (radiennehde mtensty or
ass)ymuages. The imapes prodoeed fave a resolinon of one
mdiectl 01 by 61 by S.7 cinvolme elements (vexets) per
yer, We normally sean an addinonal taver below the dimm,
ving o total ot 17 laverso o 1700 voxels.

. Mock Waste I hnms

To evalmate the acemacy at the TGS, we niade g wenes
assavs of a smpde 8.0 et hic 27 somee placed
therem herpluand vadial posiions wili mock waste
mus of vy densities and degrees ot homogeneny, The
stmption bedind s test s that asingde pomt someeas the

heterogeneity of the enitting radionuclide and, s, s the
distribution most likely to resalt in a Lirge assay bias. Vins is
withont doubt true for SGS assays: whether it is strictly rue
for TGS assays is a matter af enmrent stndy. The tew assays
we have perfarraed using multiple (2-4) sonrees shawed
noticcably better accuracy than similar assays of a single
saurce, which tends ta support the assumpiian,

We nsed a relatively large *Pu saurce to abtain gaad
counting statistics in afl measurements, as we are interested in
ganging the accuracy af the method withant the complicating
cffect af poar statistics. As is well dacumented clsewhere !
metallic *"Pn particles are subject ta self-attennatian (the sa-
called “lumping™ prablem), which resnits in a low assay bias
when the average particle size exceeds — 1 ni, This can be
carrected for (ta a point) in bath $GS and TGS assays nsing
the difterential absaiy tion technique. However, our YR 9-g
sonree is taa large tar this carrection method to be nsed. The
apparent mass af the sanree, based an the intensity of the
413.7-keV ganma-rays nsed tor assays, s only 13.0 ¢, Sinee
we are anly cancerned here with matnx corrections, we wall
ignore this difficulty and treat the source as having a nuss of
13.0 g: that is, references ta the “true™ mass shontd e under-
stood to mean the apiparent mass of 13.0 g.

The mock-waste farms that we nsed are descenbed
below:

Case 1. Nadrum (i.e.. sonrce monnted on a free-standing,
low -7 sotirce holder),

Case 11: A rtoee Tayer druom, wath i homogenons damp
simd fayer in the lawer third of the dinmm
(p = 2.0 g/em'), a homogencons polvethvlene bead
layer in the middte third (p =2 09 /ey and orm
the top third,

Case H- A heterogencons, moderate density domnm Giverape
taver p = 0.2 10 0.9 g/em) contimine almnmmnn
serap, stabs of 5.1 cm thick potvethiviene, and Lpe
styrofoam blocks,

Case 1V A heterogencons, laph density domm vavviage liver
PO Vo LS plen ) contaimmg assonhed eleaion
serap nnxed wath vags, Lab coas, vines,and

cindboard hoxes,

Fach of the 208 1. dvnns had thin salled, uprgetn st
tbes mmliedded in the natoecat ditferent cadial posimone to
allow reprodncible misertion o asomee tor senncest e e
yanx dna senes of assavs myvolving difterem pocatne nl
e sonree, verticat spacmgs of S enewere ased soothan e
sornee wondd not alwavs e at the same relanve posanen
within a faver greeall that the faver thnckness sy Zenn



campare the TGS assay results tor Cases 11and IV with SGS
assay results for the simie source pasitions in the sanie drums.
We obtained the SGS micasurements by madifying anr
cxperimental prototype TGS unit to perform SGS assays. All
this required in terms of hardware moditicatian was replacing
the TGS collimator with a 15.2-cm-deep SGS-type slit
caltimator. We then nsed a separate saftware package ta drive
the scarner and collect the data in SGS mode. The data were
analyzed using standard SGS methads.*

Our experimental pratatype nsces a relativety weak ''Ba
transmissian saurce (~ (1.5 mCi, compared ta the preferred
samree strength af ~ 10 mCi) for analysis af the 413.7-keV
peak in *"Pu. To campensate, we nsed a twa-pass appraach,
with a 28-min emissian sean and a separate, 9-h extended
transmissian scan. The assnmptian here is that a 9-h scan with
the weak sanrce is essentinlly eqnivalent ta a “narmaf™ 28-min
scan with i fnll-strength transnuissian sanree. For multiple
assays af the same drim, a single transmission scan was nsed
Tor all the (cmissian) assays i a series. This probabty repre-
sents the largest departure from realistic conditions in onr
sxperimental dati. A Ureal”™ TGS deviee, hke enrrent SGS
leviens, wonld use a stronger sonree, prabably “Se instead of

"Ba. The normal mode of aperation wontd be a ane-pass
s, in which the transimission and emission data are col.
ccted simmitameonsly.

Figure 16 shows a " Cua radiograph of the aluninum «
serip mock-waste drum (Case TH in the text); Fig. by shaw
a tomographic projectian (sumimed side view) of the TGS
transnussian image lar the same drum. This prajection is
equivalent (in concept) to the radiagraph in 1(a), sa the TGS
image guality can be judged by camparisan. We can see that
while the TGS density image is taa caarse to observe details,
it matches the radiagraphed image quite well and acenrately
reveals the gross features of the matrix. In addition, the
carrespanding emissian image in Fig, 1(¢) clearly shaws the
pasitian of the ““Pn sanrce inside the drum.

A, Case I: Assays al o Free-Standing Sonree

An impartant design gaal was to achieve a nearly
nnifarm paint-sanree respanse thranghont the active assay
vahtime af the TGS inthe absence ol any gimma-ray attenuia-
tion; than is, for a free-standing pomt sanree. This canditian
daes nat hald far SGS, which will give different resnds for a
point sonree at the center of the active vohmune than fora
sonree at the periphery. Alsa, for point sonrees nesn the dnn
periphiery, there will generally be a 10 1o 15% assav dilicrene
cansed hy vertical vimations: that is, a sonrce hatfway be
tween two fayers will assay 10 1o 157% hngher than one i the
center ata fayer. Nor can one assnme that these problems wat
disappear ina tomogragihic assay.

t.aw

i{"u

() ™o rendiograph

(Y ddenvaty fomeogsram

(e brmavten founoron

e 1 Sude views of the JOR T i serap mock wasie domn (Case 1A views were ik en tiom the ame angle g At
adograph of the domm. () A tomogapine proection csimmmed side view) of the TGS imeamssion magee, ths pooesion ecedqinya
Ao a evimsely digitized vadiogaaph and shontd he commpared vohie cadograph m e oe) A tomoegrapline proges oot e 1005

mnssion mgnpte of 4 989 g somee placed w the center of the domm, the dinker voxels mdicate regions of lnghet vades oy



iS. we made 52 assays of a free-standing sonree (Case |
ove) at different pasitians within the TGS assay active
tume (that is, within the valumie defined by a 208-L drum).
¢ horizontal positiuns were more-ar-less uniformly distrib-
«d radially, with same at the (harizantal) center of i« voxel,
ne in-between twa voxets, sume at the carner of Tour

xels, and others placed simply at random. Far ¢xch of these
rizontal pasitions, assays were made at four different

tical positiuns in increments af one-eighth af a layer

76 ¢cm). The assays involved between 14,000 and 20,000
al net caunts per assay, with carrespanding standard
JAations (in the tatal caunts) between 0.88% and 1.04%.
us, with a nnifarm spatial respanse and with na statistical
ar amplification in the image recanstructian process, the 52
ays in this series would be expected ta exhibit a standard
Aatian at - 0.95% (the average).

Fignre 2 shaws the measnred errar distrilmtian (fre-
:ncy histogram) far the series of free-standing-soaree
ays, compared with the statistical -error-only distnbntion.
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appears (o be slightly bi-modali, has a standard deviation of
1.K3%. Assuming that the statistical and systematic errors
cambine in quadrature, we can estimate that the maximum
stapdard deviatian attributa "2 to pasitional variation - in the
absenee of any gamma-ray attenuatian -is 1.55%

B. Case II: Assays in Uniform Matrices

Figure 3 shows the results (expressed as & ratia af the
measured-to-true mass) af TGS and SGS assays al the Y8.9-g
*“Pu point saurce in homogeneous matrices af sand, patyeth.
ylene beads, and air, as a function of the distance af the souree
ram the drum center (Case I1). The SGS assay values for the
sand and far the palycthytene bead layers are cammected with
dashed lines to emphasize the npward trend as the sanree 18
maved fram the center af the drum ta the antside. This trend
is casily understood in terms af the SGS hamogencons drum
assumjitian,

Fignre 2 - The error distribution of S2 TGS assays ol a free
standing sanree at varions positians (Case 1). The porely
statistical error distribntion, iased an nuelear coanting stanstics
m the raw data, had an average standard deviation of Q.98 as
mdicated by the overlaid gimssian funetion. The additonat error
s measnre of the mnifornuty of the spatial response.
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apptied a all scans of a given layver, regardless of the radial
1sition of the source. In the sand matrix, a sonrce is attenu-
¢d by a tactor of 12 more in the center of the drum than at

e outside, so with SGS - no matter how gaod the correction -
ere must always be a factor af 12 ditference between the
says for these extreme cases. A uniform distributian re-

nires a correctian factor somewhere in-between the ex-

:mes, and so the SGS assay under-carrects sources in the
nter and over-carrects saurces at the autside af the drum.

The attenuatian at’ gamma rays in pulyethylene beads is
is severe than in sand; the variation in assay value as a
nction of pasitian is roughly half that seen in the sand
atrix. The general trend, however, is the same. As wanld be
pected, the SGS assays with no matrix (air fayer) show na
:nificant bias as a functian of pasitian.

In cantrast ta the SGS resntts, the TGS assay results are
ifurmly acenrate at all positiuns in afl three matrices. This is
cause the TGS method applies attennation correctians that
» specific ta the sonree pasitions, as determiined by the
age recanstruction process. It nmst be stressed that sand s a
Tienlt manrix and regnires longer than narmal assay times
*good comting statistics (we nsed Y- emissian cannts for
+ 3 imer pasitions in the sand mateix to abtain 19 or better
disties). Lven so, the acenracy obtainable is impressive.
msider that the TGS assay far the center of the sand fayer
plied an attenmatian correctian factor of 285 and gave a resnft
thin 87 at the true value.

¢ Case 11 Assays in the Ao Serap Drum

Gamnueray attemation in complex naterials is non.
smaaging, i that an absorber composed af alternating zones
high- and low -density maternal attennates less thim a
orm ahisorber having the simie average density. Thns, it
dd be argued that matrices with a finegrmned, camplex
netnre (Hiat as, with variations ona smalter seale tan the
i8 resolntiom will not be correctly wesaved. The simple
pouse to tdns (for bot TGS and SGS assavs)as that the
a-averaging cltect shoald be approxiately the same Tor

tamstpssien sonree as for the ganmna tays connng, from
ide the donm, This is probably tme for iy donns
awever, iis casy o magine cases where the proximmiy of
aitermal sonzee nahes e metrneappear cither more on less
annting tan it dees o the mor e disint extenif somee,

The moderate densaty alimmumn serap mock waste donn
1ise HD was ised woest the ettect of a fime piinmed. heem
wons nene on TGS assay aeemacy. As can be seen o an
ent) nhe tadwograph m g tean the matnx for this donm
nade up ot siall dimmerer almmmmep - 27 /e’y s,

R — [EEERTTRT PO

matenals. In additian to the alunumam serap, there are also a
Tew sicel and brass picces. A matrix of 1his camplexiy migh
casily “fool™ th: TGS assay by virme at the nun-averaging
effeet just described.

Figure 4 shows the error distribution in 48 assays of the
Py saurce 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% (as
illustrated by the overlaid gaussian distnbution). The standar.
deviation in the TGS assay values was 5.5%, implying a
maximum of 5.3% systematic errar. This is gaod accuracy and
gives us sume cunfidence that goad atienuatian corrections
can be obtained even in a camplex matrix. Still, the detailed
distnibutian of errors appears taa broad-tailed ta be ganssian.
It laaks mare tike the 5.3% crror is the snm of 2 narrower
crror distribntian (say, 2 to 3%) and a smalfcr, broad ontlier
distribution (up ta the fargest error of 14%).

. Case IV: Assays in the Electronic Scrap D

Fignres Sta) and 5(b) compare the resnlts of 60 SGS and
TGS assars of the 98.9-g ““Pu source at virons posinons
witlnn the clectranic scrap mack-waste drmm (Case IV). The
SGS transmission valnes tar the external """ Ba trimsimission
sonree ranged from 0,017 10 0,41, The dnm mastrix, while
complex, can be hraadly broken dawn imto a region of ingh

26 — T — T T
"
!
. |
20 f \ Hinhisheal
! \ onor dednhnimn
,' \ {(smnEl - 1 1)
> |
‘Q_ [ } \
£y ,’ \
§ sigma - & 8% ! \
w ]
10 ]
!
I
. !
) }
guamt . 1 Y L L pewee
g enh an dny 10 14U 11 B A 1.

Maoasurad/inio mass

Fypane 1 Ciror distiibntion of A8 TGS assns ot a ™'
sonee i ditlerent positions na heteropencons, menderan:
density 208 1 ek waste domm (Case 1D T pinely
statishicat ooy distibntion e the vaw dataaveraged 160 s
mdicated by the overlad pansseam toncnon Phe addinpnat
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ure § - Camparisan at SGS and TGS assays af a *™Pn sonrce at 60 different pasitians in a heterogeneans mack-waste drmmn. This
m (Casc IV in the text) contains dense electranic scrap tilled in with fabeaats, buaties, and empty cardboard boxes. The (5GS)
rrage transmission nf 35G-keV '""Ba gamma rays throngh the drm ranges between 0.017 and 0.412. () SGS assay resnits as a
ctian af height in the drua, far varions radial pasitions (r). (b) TGS assay results fur the same pasitians.

isity (in the bottamn), a region of maderate ta-high density
ihe nuddie), and a region of low to-moderate density (at
tap). The magnitmde at the variatians in SGS assays

sely tollows this division, with the fargest variations (from
wtor of 2.2 oo fow o 1.7 1a0 high) in the high-density

jon imd the smallest variations in the low -density region.
sstandard deviation for the 60 SGS assays was 26,1 %

The TGS assay values Tor the same donm (Fig, Sh)om
trast, are clustered closety abont the correct valne, haviny
andind devic oo for the 60 assavs of RA4%-The parety
istical errors m the assays (hased on the error mthe raw
1 rmged from 1 to 3% with most cases closer to 1% We
nue that the additional vination m the TGS resales s
Y svstengitic erron,

CONCLITSION

The data presented here demonstrate the sapenor
nracy of TGS assavs, companed with SGS assays, Tor very
cqopencons vadiomehde disibntions momoderate o high
sty natnees, Oneimtention was not o sise guestions
nt the acenracy of SGS:m all hketihood, only a simall

fractian af the SNM/TRU waste drmms produced m present
and fntre nuclear fuel cycles will be as heterogencons as
those nsed in this stndy. Marcover, the matrices stndied
inclnded same extrenn: cases. A siand matvix wontd nosmally
be rejected as being oo dense for an SGS assay. and the
density af the electranic serap drum was at the margins of
acceptability. Onr intentian, vather, was to illnstrase that the
TGS gaves acenrate resnlts even in ditfienit cases. Becanse of
the potential for errars, it is nsnally reconmended that the
SGS method be nsed ondy for dinms with tow density
ces, or with modevate: to mgh-density matcees that are known
to be miform. The practical advaimtage ol the TGS et
that it allowr moderate - to high density doms that are not
detinitety known to hie homogenons to he assayed with
confidence, extending the vimpe ol donms that can be assaved.

An additional advantage over all ather cnrent NDA
methods is that a TGS assay provides the operator winhra
vistal mee of the drmmatrix and SNM distnbntion. The
TGS entisston e can be nsed, for excaample, v loeae amd
queatity radioactive "ot spots™ wathin a dome Flns wondd be
usetul Tor repackagmy dimns that exceed SNM/TRY Lead
s,



ared with the SGS mcthaod, is s longer assay thine. Because
ven heterogencous low-density drums (drums with a maxi-
wm layer density af 0.5 g/cm' ar less) can be accurately
ssayed with an SGS, we expect that future systems wili
ombine the SGS and TGS methods in one unit.
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