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DETECTION AND MEASUREMENT OF GAMMA-RAY
SELF-ATTENUATION IN PLUTONIUM RESIDUES"

T. H. Prettyman, L. A. Foster, and R. J. Estep
Los Alamos National Laboratory
Los Alamos, NM 57548 USA

ABSTRACT

A now method to correct for self-attenuation In gamma-rey
susays of plutonium Is presemred.  The underlying
assumptlona of the tachnligue aro based on a simple b
accurato physical model of plutonlum residues, particu-
larly pyrochemical saits, In which It Is assumed that the
plutonium |z divided into two portions, sach of which can
be ireated vepumtely from the standpoint of gemmesray
annlysis: a portion that Is In tho form of plutonium metal
shot; and a dilute portion that is mixed with the matrix.
The performance of the technique [s evaluated using
wouys of plutonlum residues by tomoegraphic gamma
scanning at the Losa Alamos Plutonlum Faclilty. The
abihity of the method to detect saturation conditions s
examined.

1. INTRODUCTION

Pyrochemiical tschniques have been used extensively In
the DOF counplen for plutonlnm 1ecovery sd purllestlon,
The resldues from thess processas are Impure, contalning
high concentrations of Am.21|. and inhomo 5,
consisiing of & mixture of plutonium metal ¥ okl
(hmonium dissiived In the malt.  For exwmple, In the
molten salt oxtra-*ion (MSI) procoss. amoriclum |s
oxtracted from impure plutonium metal, producing a
relatlvely pure meral product and sn impure salt resldue.

MSL residues are doacribed by Christensen and Muliins'
and by Longmire. et al.” A typlenl resldue weighs about
2 hyg, the bulk of which Is u mixture of potmsslun end
wdr\;m chlmida, and comaina a small portion of the foad
plutonium (on the order ot 200 grams lor a 4.5:kg run) In
the form of PuCl and plutonium mstal shot. In sdditlon,
the wnlt contby 1020 ¢ of Am-241.  Buased 1
dustructive analy sly ul' thase asmplcs (by pulverizing the
1At and passinp the crushed material through a siave), the
wetal shot hay o disielbitlon of slzes wd may conmin
piecen an large an 10 i In dlmncter (vee Fiy. ). Other
processes, such na electrorefining (LR) produce lmver
concentrations of Am-241 but contatn significant
qurmbies of wietul slon,

fhere 19 a need tor accurate, high-throughput assays of

pyrochemicul residues sored In cane and  drumasbsed
snphes AV Renhy Flats, thieve we vmghly $000 hema

e wark wosuppented by the US Department ot Eneigs

containing molien salt exmuction and  electrorefining
residues that will need to be assayed In fuwe recovery
and stabllization operstions.’  Pyrochemlical salts we
produced at the Les Alemos Plutonlum Processing
Ful::::ty and can also be found In tranaurenic waste at Lo
Alamos,

The difficulies posed by pyrochemical salts to nonde.
structive assay (NDA) wv well-documenied,”” but are
summarizad here fir completeness. Calorhneiric wuwwy
(CAL/ISO) requires long cquilibration times (6---8
hours). However, CAL/130 ls quits accurste. When the
aisumptions of the Isoioplc analysin are valld, the
accurscy Is approximately 2% for cansizad samples
contining grestor than 30 grams of plutonium. ['aasive
neutron coincidence counting is routinely binsed high due
to the multlplication of neutrons produced by the (a,n)
resction following the decay of Am-241, and can hw
imprecise due to the high rate of uncorrelated events.
Considersble offont has gone into the devolopment of
analytical methods and inetrumentation in compensate Ar
this offsct. Including the neutron solf-intevrogation
technique and neuwon muitiplicity counting.™*  Finally.
gamma-rey stuny methods are nimost always blased low
due (0 sell-attenuation of gamma ruys emitted v the winsll
pleces uf plutonium metal shot,

Methiody 1o correct fur self-attenumion by plutonimn metal
ahot, aiso hnown as  lump-corretions, have  leen
developod and applied 1o sepmonted gamma Manner
(SGS) assayt of pyrochemical salts.”' ‘Ihe fundamental
myumptions  underlylng  the  SGS  lump  comwation
methnds are summarized as filliws:

I. the SUN analysis Is valid (e.g.. the sample 1y
uniform and homogeneous),

Y the Instrinnent way rnlitpned whie smaples b
cuntain no lumpa,

J. the lumpr are “mictoscopic” In the senne that
they do not nignlficantly infinence the Jetannime:
tlon of the nutrix attenuation cocitelent,

4 the lumps we approximutely sphorical with o
unique diameter, and

8 all ol b plawsdinm is i the Gome of Inmgw

Wihen the wesumptions are valld, the vartabon in the SUN
assay \With energty that is observed \when lumpa are present
Ix given by



Kig 1. Dusirvctiw unalysiz of an MSE salt curried out ut the Loz Alamoa Plutonium Facility: (a) cum containing vhunks of
salt: (b1 larpe parhielva of plutonium metal separated fiom the muteiy wsing a sieve. (¢) particler that payred through the
sieve, including thy snit matriz vontaminaied with americium avd plutohivm chiveide

MUEY s MFy (00 K). (h

where AY/E) is the SUS asnay at energy K. A/ la the mass
of Pu-239, and Frauna 14 the escape finction for plutoninm
matal which dopands on the diameter of the lumps, p, and
the sneryy of the gamma ray. Plots of the escape fraction
ns a functlon of pariicle aize are shawn In Flg. 2 fiw the
four garmnia 1ays used In SGS lumpscorrectiom.

A comection algorithm that uses ratios of SOS ssnays
sketerminedd fise selecied gmumn rays (e g VS keV i Wi
keV) to deterraing the slye ol the lumps was devalopsd by
Sprinkie and lisue. The mass Ix emnily detarmined fhom
Fq. (1) omee the size of the lumps s known. b shanhd be
noted thal assays at two energlen are 1eyniceid 1o prrfom
the correction.  llowever, the procedure fiw determining
Inmp size is usually repested for severul gamma-ry paim
10 dertermibne 17 the madel nnd ke nbaervationn see connlss
1en).

Newly all of the asaumptions used 1o develup the AGS
conection slgorhlnn me lnvaliol fis pyoshemival snbin,
‘IMe aalt matreix In nonunilivm and Inhnmugeneous, the
lumpe have a distribution of sires, ang some pofijon o
the plinsnimn s i the i of Pl Applicmibn of ilw
Inmpecormuction alyeithm 1o SA5 aaseyy produces ven
hitle  impravement  aver  uncofrecied  resnits  hy
pry oo henndeal sabn "0 L custanipumtes mnaly s o dhe SO

date, where the lump muddel wan flited 10 the eneryy-
dopendent SUS results, show that the lump madel 13 nut
consistent with the data.' Raference ¥ also reports on
simulations that wery used 10 assess the applicablifty o
tie single-luinp=size niwlel 10 ynmples that cmu{;wd
distributed lump sieen.  The single-alze mudel perfwnwal
well, even in coses with a wide range of lump mizes;
however, the siudy did nut conslder many cases 1n winch
a Inrge portlon of the platsnimn hail weglighide panile
slaw,

Addivjonal wilimt was ficused un derernining e ellet of
hiay causcd by nonunifom matrin snd wurce distibu.
tions on the quality ol lump correctiuny e 20N | drums’
For drumesizsd samples, blen In S¢S avvayr due e
walii wnd sownce poaltion ean were shunen e shintont
the oncrgy varintior al the hower gamma-ray enctgion,
causing the lump<cormection aigorithm (o fall.  Che same
diume were nasayed using an improved gamnasray we
1echnigne, timographic gamiva acammbog (G
Itecanse the assumptions required tor 4N anatysie are fie
lean restrictive than those for SUS (the disteibution matny
ol snce mnterlal we aderenined by o izl
1omagraphy), the Immdacortecinm wan alwny o ievemil
when applied ta | GY data,

Hhgver, measmgimenta s ith a motanle FUS s stenmy, Both
o ks Flan and af the Loy Alamues TRU wite, were net
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consistent with the controlled experiments in the laboru-
tory. Lum, ted TGS assays of residues and TRU
waste coniaining sals with well-established reference val-
uos were blased low and the single.lump-size model was
fourk! to be grossly Inoonsistent with the enorgy-depend-
ent TGS data. The results were very similar to those
observed In lump-correcied COS ausaya of pyrochemical
salts. The correction fhctur for lumps basod on the ratio of
the 129:keV to 414-keV result was somewhat amaller
than the correction twctor obtained using the 343.keV 1o
d 1d-ReV mtlo, and the correction lictor shuwed a dlstinet
Increasing trend with energy.

In this paper, we proruu a simple hypothesls fue the
ubwerved varlation of the ¢omection factor that Is conals-

tent with tho description of pyrochemical salts provided
by Christensen and Mullins. The hypothesis leads to a
slightly revised lump widel wad 8 comrection slgorithm
that we can test fir 8 wide range of plutonlum residues,
tncluding pvrochemical salta. 1he data needed to test the
new algorithm were obtained mt the Los Alemoe
Plutonium Fucility using a prototype TOS.  In sddlthn
e praving our hypothesls, the results of the analyals cn
be used to pravide a preliminary assessment of the pee
tormance ot 1UN tor pyrochemlical ralts.

1. THEORY

Hypwahosis From b stundpulnt of gammnasmy NDA,
the plutonlam in pyrochemical salts, and other plutonium
rosthigs auch ax vXides, cun b divided nto a portion that
canyists of plutaniom metl shot and n didute lmnhm thnt
In laerl with the it ix matetlal (Lo, an PuCli)

It the bypaothests 1= correct, the varlution in the uvsay
result seith enerpy fo v by

MIE) = M it ki F) sl ), )

where p Is the offuctive sizs of tho metal shot and @ ia the
fraction of the total mass of Pu-239 that Is In the form of
metal. The new model Is simllar to the old model In that
It in assumed that the metal shot can be represented by o
aingle lump slzs, From prior exporience corrocting simu.
Inted assays of samples with distributed particls sizes, this
mssumption Is rewsonsbly sccurate” The new model
differs from the vld model only in the trestment «f
particies of infinitesimal size, Attenumion by dilute
plutonium mixed with the matrix is sssumed to be tfully
accounted for by the gammssray tmsinission analysiv mwd
Is expected to produce no ohservable encryy variation.
lFor ‘1'US, where the assumptions of uniformity and
homogenelty apply to relatively small volnmes (un the
order of | cmi’ for cans and 125 ¢m' for deumn), this
ussumption Is expectod to be valld, cspecially when low
density pintonium compounds are distributed over Inrge
reglons.

Assay results at three enorgios are required to determine
the parsmeters of the model. |.ump size can be determined
by exumining the rativ of diTerences between ansny 1eaulis
for differet gammasray onergles. Tor examiple. the
tollowing equatton can be tolved to determine lump-stze:

MO0V = MSH) - Froyaa(n203) = By d14)

MUSAS) = MIATAL . Foarnol P48 = Bl BLIE)
"

wheit M(e) denuvtes the wana determined by TGS a the
sclected energy. Unce lump size 1o known, the A and @
we canily dererminel  Thin allredt approach,  while
vimeepiually shinple, Is ot vary uautul in proctice tecaume
) can vary constdernbly when diflerent seta uf gumma iy
nte unetl, even when the mimisl v ¢onednient with the duts



Wo preter, instead, 10 fit Eq. (2) w0 the dam using
welghtod least squares to determine the unknown
purumeters. The weights are determined by combining
propagated  statistical ecrrors and estimates of the
instrumental uncerminty of the assay for each energy.
Constraints on each of the fitted parameters are imposed to
avold infeasible solutions. This approach uses all of the
datn 10 determine the parameters and Is considerably more
robust than the direct method.

1l. EXPERIMENTAL

A prototype TGS dovaloped by the Los Alamos Safe-
guards Program ls currently at the Los Alamos Plutonlum
Facllity and 13 undergoing testing and cvaluation o
asyess the suliability of TGS for assaying residues and
wasi¢ In can-sized containers and 208-1 drums. The TGS
technique wes transmission computerized tomography to
form thres-dimenslonul images of gmmma-ry atienuating
materiy). This information is used to comect emission
tomographic data for nonuniform attenuation by the
mawix, resulting in  sccurate, three-dimensional
reconstructions of the disiribution of nuclewr material in
the sample. DBoth the transmission and amission modes
us¢ high-rasolution gammao-ray spectroscopy (1IRUS). As
in 8GS, HRGS allows the intenslty of seleciod gammn
ruys to Le determined very mccummely. Recause both
nonuniform attenumtion by the matrix and the
location of the emission sites are acoounted for, TGS |s
vary sccurmie for dense samples that are nonumiform wkl
Inhomogencous.  Detalled descriptions of TGS ¢ bhe
found in Referencos 10, 11, and 2.

The protatype TOS was configured 10 wasay canealzed
samples (< 20 cn in dlameter). Trensmission and
cmission tomowrwphic data sets were acquired using an
adjustable collimator whh high resolution (I3 mm
aperure) nid low resolutlon (28 mm aperture) settings.
The low-rasulution scans, which comespond to hinugoes
with JUxIUx 16 volume elemants, are completed In less
thun an hour. The higher-resolution scans correponding
tv 20x20x32 element imagen are completed In eight
hours, The data will be used to assess the Importance «f
spatlal resolutton for pyrochemical salt assays.

€S Images of a can-plzed samiple, ronghly 20 ¢m In
duanieier and contatning electrorelining salt, ar shown in
Pig. ) viong with 1wdivgrephs of the sult. The yansmis-
sl hape wan uinalied uslng a eolllimatin oprening of 13
mm. Chunks of salt and the boundary of the inner
container can be suen in the image. The emission image
was nitalned uning w collimutog apening of 28 mm,  Fhe
highly lucalizad cﬁnhllwlhm of plutemium In the menple
1y typical of the snits we exaniined.

Tonlate_ aver 0 cnvsslzenl smmplen comanlnbug plishinn
resldiugy have been mudsured uning the pratotype | Gd

with both high and low resolution cullimatur seuings.
Residue categuries Include the foilowing:

o MSL and LR salts;

e  magnesium oxide crucibles;

e sand, slag, and crucibles;

o impure oxldes and chloriles; and
¢ Incinerator ash.

Most of the samples werv assayed by calorimotry 10
ohiain roference values nosded to assom the accumey of
TQS. The samples wero also assayed using SCIS aml
passlve noutron coingidence counting. in addition, a
smaller number of the samples have been assayed using o
neutron multiplicty counter optimized for pyrochemical
salts.  Only a portlon of the TGS amnd neutron
multiplicity data has beon analyzed and a full
intercomparisun will be avalinble only after the com.
pletlon of the messurement cunpalgn. Preliminary results
for TQS obtainad by analyses of the data takon with the
low resolution setting are avallable and were used to
evaluate the new lump-correciion model.

Callbsation of TCS lor the lump-conection study was
accomplished using can-3ized SGS stundards doscribad by
Hsue, ot al."' For self-anenuxtion analysls, care musnt be
tahen to seloct standards that huve small panicle slze.

by o Imuges ot an clectraretinnae  vall campls
AANRINGIIN) e epay rdione R 0p the puses o Eheowmy
chunka oo sale b aony pondioprgsh of w smndl proian op

the sumply ) rasdineeaph of 0 TS attenuntnen 1made with
19 mm voael e, (d) emiapton image ot 2N mmo oo sige
Tl resfiographe g 10N images weie tasen with 4 padge
anple of 60 deprera



Self-attenuation In particles with diameotors as small as
100 microns is not negligible (see Fig. ). The particle
size in the SGS standards was determined using
destiuctive analysis and is approximately 5 microns.
With these standards, seif-attenuation is negligible for all
of the gamma rays of Interest. More sophisticated
callibration techniques that determine particle size along
with the calibration constamt for each energy are under
development; these techniques will enable the restriction
on partlcle size to be relaxed.

IV. RESULTS AND DISCUSSION

Twenty-six samples were analyzed using both the old and
now lump-correction algorithms and the results of the
corrections were compared with celorimeny. In the fol
lowing discussion, we wili refer to the old method in
which all of the plutonium Is axsumed to be In the form of
metal lumps as LLCM. The new method, in which the
plutonium is assumed to be a mixture of motal lumps and
plutonlum dissolved in the muirix, will be referred to
1.CMIX. Resnlta of two representative samples are shown
w Fig. 4.

in the firs\ case (see Flgure 4a), LCM was found to poorly
Wt the data. The lump diameter dotermined In the fit was

360 microns and tho value of reduced chi-squared ( z,’, )

tor this fit was 3 with two degroes of frexiom (L =2 ).
Muscd on the standard “goodness-of-fit" test, we conclude
thnt it Is unlikely that the assumptions underlying 1.CM
are valid."  The LCM algorithm also falled to improve
the TOS asaay. The 414-keV result was biased low by
21% and the lump-corrected result provided by the LCS
algorithi reduced the bius by a small smount (1%, In
addltlon. the mtio method doveluped by Sprinkle and
Iisue produced Inconsistent corection factors. The
comection factors obtained using mtlus wis 1,07 fir the
120.keV 10 did:keV eatlo, 114 fir the 203:keV 10 414-
keV rutlo, and 1.34 Lor the J45-keV to 414 -keV ratio.

In contrust, the LOMIX model prsduced an excellent fh
(X5 =0%, 021) The tactlon uf mass In the form of

plutoninm metal wor lound to be %% nnd the etfective
diameter of t};¢ metal particies was found 10 be 2.2¢ mm,
The corrected muys of Pu-239 determined by 1.CMIX wan
285 yraws. which Is within 2% of the rolerence value
deternsined by ealorimetric assay (281 grams).

hthe sevinal 1 ase thee Figure db), the quality of the 1w
peoduced by UM was gquite poor (z: -, U=nll

LUM talled to improve the 1S nasay and n similne tremd
wis sbmerverd I thee coneeetion Tsetor based on the intio
wellunl.  TOMIX produced an excellent it to the data

(21 0.4 vl e traction of Pu-239 In the foom
ol lumps way 6% aned ahe ellgetive imnp dimneer was

6.1 mm. Despite the excellent fit, |.CMIX overestimated
the total amount of Pu.239 by a substantial margin
{24%).

Before accepting this result, we performed a teut for satu-
ration. Plutonium metal particles with dlameters greater
than about | cm can be considered infinitely thick, caus-
ing the assay at each energy to saturate (that iy, the assay
does not chunge appreciubly with increasing panticle
dlameicr). Consequently, the scnsitivity of the assay to
particlo size Is very poor when the particles mre large (e
Fig. 1), To test for saturation, we simply assumed that
the true lump size was large and fit the remuining
parameters (o and M) to the data.  We arbitrarily selected
tho diameter of the lumps to be 20 mm, Tho resulting fit
Is shown In Fig. 4b (circlos) and Is very similar to the
original (it where p was treeted us a free parumeter. In fisct,
the reduced chissquared value for the satumation test was
1.0 with two degrees of freedom, a highly reproducible fit.
In gonerul, saturation can be determined by comparing

the 2 wvalne obtained by LCMIX with the valee

obtained in the "saturation test™ (p~20). |f the diffirence
Is smaller than a2 threshold value (tor uxample,

Ayl <1), then sawration can be assumed.

{.CMIX was applied to corroct all 26 assays. Lach cae
was screened for saturation using the “goodness-of-fit" test
described nbove.  Seturmtion was detecund in six cases,
ench of which was rejected as s candilate fiw lump
correction and marked as unsuitable tor T(S analysis.
Results for the remaining 20 samples are plotied in Fig. $
far both |.CM and LCMIX. There wre u lnye number of
cases for which LCM produced relatively small correc-
tlons. In cach of these cases, quality of the tit produced
by LCM was found to be quite poor. The total amount of
P29 (mummed over wll of the wnples) predicted by
LCM s lower than the calorimetrlc assay by about 0%
In comparison, the total amount of Pu 239 based on the
di4-keV assay Is lower than the culorhuctiic wasay by
alumt 0%,

The LCMIX aigorithm made larger, and more acvumte
corrections than | CM and prsduced  the bt wene
uoislstent with the datn. The difference between the total
amount ol Pu-239 (summed over all samples| predicied
by LUMIX and calorimetry was 492 M) grams.  The
total amount of material (h the 20 snmples toe which
LOMIX provided ¢ cimection wan 4489 grame  Conses
quently, the total mmount ol Pu 239 determined by
LCMIX diffens from the refwence value by lexs than u
percent. The averuge vatlwtlon of imbvirhinl resnlis nang
the LOMIX nigoeithm wie Gl i e #1008 A Targe
partion of ihis varlation Ia expectod In be due to
ampltiication ol statistical variattons v the counhng daa
by the Diting algoelthm  1he ereor bars showes in the Fig
Care estimates nf the statistical i based o the 1aide
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Iwa cases are represented:

ta) the lump correction based on the miture model (LCAMIN) was successful. (b) saturation conditime wers detevied by

LCMILN,

method and can be conshiered a lower bound fir the
variation in the corrected mass. Methods developed
previously (or esimating the variance of constrained
estimntors are being udupml il provide n complete
scnsitivity analysis for LCMIX."
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V. CONCLUSIONS AND FUTURE. WORK

Ihe primary conciusion that we drmw trom this work
it the mlxme medel (LCMIX) Is superior to the
windels mvedd I ull previvus effiets tn conect for gaunua.
ray selt-attentiation by lumps ot plutonium.  1.UMIX
canformy to an accurate physical model of pyrochenical
subis wonl Fis the gammmany wesay dutn scynired for snch
soplen, providing  corrected  resulty that we nuae
conmtstent with calorimetrie ansay than the established
wothond (LEML The  emerpy  virbinion  vheerved in

cotrection factoms  (determined by the ratio method
developed by Sprinkle and llsue) further wipports
LCMIX, and Is consistent with the assumption that there
Is some plutonium In the sample that causes littl~ or no
solf=attonuation. LOMIX alsu Identifies cases in which
suturation conditlons are present, which Is  esmmtinl fir
roliable iwmp corrections,

The primay limltlon of LCMIX is that it requlres
assays for three or more Pu-239  gamma  rays
Consequently, the technique may not work etfectively for
S@8, which can be bissed contiderbly at low energy (for
example, 129- and 203keV). The techniyne is nitimately
Intended for use with ‘138, which can pravide anrate
ussuys ut ull onergles for a wide mnge of materials In can-
wnd drom-sized sumples, Results of the current eviduntion
wiii be used to optimlze the configuration ul’the pritatype
I'yS and to Jesign now instruinents that arc cupablc of
wssaylng plutonlum residves with Improved accuraey.

Another usolul upplicstion of the LCMIX mndel s
determination of the metal content ot 1esiducs tor rocovery
wod stubiliziion.  Depending on the process used, iy
likely that the ablilty te recover plutonlinn fnun sabs is
strongly correloted with the amount of mctal already
present in the material. Samples whh small quantlties ot
wetnl may not he worth eecovering. The | CMIX model,
cotibined with o neference techulque such as calothnetry,
cuuld bo used 88 & nondestructive sieve. providing
estimutes of the size of the metal particles and the partion
of the plutonlum  that is in the fimn of 1neml
Calorimetric ua\dy Would provide an nccurne estimate of
the mass, leaving only two parameters (a0 und pl 1w be
derennined by LOMIX foon TQS din, The resulty of
opplying this teghnbyues to the samples wuanved at the
L ov Alamoy Pintontum Eactlity are xhowen n by 6
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