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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 Laborstory
Los Alsmos, NM 87548 USA

ABSTRACT

A now method to correct for self-attenuation In gamma-rey
sssnys of plutonium fs presemved. The underlying
assumptions of the technlque aro based on a simple bt
accurato physical model of plutonium residues, particu-
larly pyrochemical salts, in which it is assumed that the
plutonium iz divided into two portions, sach of which can
be treated vepumtely from the standpoint of gemmeeray
analysis: a portion that is in the form of plutonium metal
shot; and a dilute portion that is mixed with the matrix.
The performance of the technique [s evaluated using
woays of plulonium residues by tomographic gamma
scanning at the Losa Alamos Plutonlum Facllity. The
ability of the method to detect saturation conditions is
examined.

1. INTRODUCTION

Pyrochemical techniques have been used extensively in
the DOF complex for plutonium recovery mud puriliewtion.
The residuos from thess processes are impure, contalning
high concentrations of Am-211, and inhomo
conslsting of & mixture of plutonium metal ¥ okl
plutonium dissolved in the mall.  For exsmple, in the
molten salt oxtra-‘ion (MSE) procoas, americium |s
axtracted from impure plutonium metal, producing »
relatively pure metal product and sn impure salt residue.

MAL restdues are ducnbcd by Christonsen and Mullins'
und by Longmire, etal.” A typleal residue weighs about

the bulk of which is a mixture of polassiuin end
md um chluride, and containa a small portion of the fead
plutonium (on the order ot 2(0) grams for a 4.5-kg run) in
the form of PuC'), and plutonium metal shot. [n sddition,
the snlt contnine 1020 g of Am-241.  Based o
dustructive analy sy of thase asmplcs (by pulverizing the
salt and pasaing the crushed material throuph a sieve), the
metal shot hay o Jistribution of sizes mnd may contnin
piccen un large an 10 mm in dlwneter (vee Fiy. 1), Other
procenses, such any electrorefining (LR) produce lmver
concentrations of Am-24) but c¢ontaln significant
qunntivies of metul shiet,

Ihere 13 a need tor accurate, high-throughput assays of

pyrochemical redidues mored in can- and  drum-sised
atmples At Rachy Flats, thete we roughly 4000 lien

s wark Bosupported by the US Depatment of bnergs

containing molten salt exmuction and  electrorefining
residuss that will noed to bc assayed in future

and stabilization omrldom Pyrochemical salta e
produced at the Les Alaemos Plutonjum Processing
F.l:::\"y and can also be found in tmmurenic waste at Loa
Alamos,

The difficulies posed by pyrochemical salts o nonde-
structive mssay (NDA) wv well-documented,”” but are
summarizsd here R completeness. Calorinetric waay
(CAL/ISO) requires long cquilibrstion times (6---8
hours). However, CAL/130 is quits accurste. When the
ussumptions of the isotopic anaiysln are valld, the
accurscy is approximately 2% for can-sizad samples
contining grestor than 30 grams of plutonium. I'aasive
nsutron coincidence counting is routinely binsed high due
to the muliiplication uf neutrons produced by the (a,n)
resction following the decay of Am-24), and can hw
imprecise dus to the high rate of uncorrelated events,
Considersble offont has gone into the devolopment of
annlytical methids und Instrumentution (v compemate Ar
this offect including the neutron solf-interrogation
technique and neuwron multiplicity counting."* Finally,
gamma-nry sssny methods are aimost always blased low
due to self-attenuation of gamma rays emitted in the sinell
pluces uf plutonium maetal shot,

Methody (o comrect (or sell-sltenuation by plulonium metal
ahol, also hnown as  lump-corregtions, have  lwen
developod and applied to umenud gamMma  Manner
(SGS) assayt of pyrochemical salts."’ ‘Ihe fundamental
assumptions  underlying the SGS  lump  comection
mathods are summarized an follows:

1. the SUN analysis (v valid (e.g.
uniform and homogeneous),

Y e dnstrament was ealibmicd with smoples (hat
contain no lumpa,

J. the lumpr are “mictoscopic” (n the senne that
they do not nignificantly influence the detemina.
tion of the iutrix attenuation ¢oetliclent,

4 the lumps we approximately spherical with o
unique dinmeter, and

§all ol the plutendum is i the form of oty

Wihen the wesumptions are valid, the vartahion in the SUN
asny \With energty that (s observed \when lumpa are present
ix given by

the sanipie 1y



Kig 1. Dusiructive unalysis of an MSE salt curried out ut the Loz Alamoa Plwtontum Facility: (a) cum containing chunks of
sali; (b large particlea of plutonium metal separated fiom the muiriv uwsing a sieve. (c) particler that parsed through 1he
sieve, including thy salt marria contaminaied with americium and plutonivm chioride

MUEY s MFy (0 E). M

where AY(E) is the SUN asany 8t energy K, Al in the mass
of Pu=239, mnd Faaina I8 the escape fiaction for plutoninm
matal which dopands on tho dlameter of the lumps, p, and
the sneryy of the gamma ray. Plots of the escape fraction
as a function of particle nize are shown in Fig, 7 fiwr the
four ganma rays used in SGS lumpecorrection.

A comection algorithm that uses ratios of SOS ssnays
detennined for selected grinma rays (e g, WS keV 1o o1
keV) 1o deterraing the slye of the lumpa was devalopsd by
Sprinkle and Haue. The maas ix eanily determined fhom
Kq. (1) once the size of the lumps Is known. It should be
noted that assays at two energlen are teyuired 1o perfom)
the correction.  However, the procedure fiw determining
lump size s usually repeated for severul gamma-ry paim
o determine 1 the model nad the observetions wee conlee
1eni.

Nearly all of the ssaumptions used to develup the 308
cortection mlgorithin me invalid s pyrabemical salis,
‘Iha salt mateix s nonunifivm and inhomogeneous, the
tumpa have a distribution of sires, ang some ponion o
e phatenium is in the form of Puct - Apphieadon of dvw
lmpcormuction alyorithm 1o SA5 aaseys produces ven
Itle  improvement  over  uncofrected  resuits  tw
Py ten el sabts y vistsncuares mialysis of the Stis

data, whete the lump mcdel wan Mited 10 the enerygy-
dopandeat SUS results, show that the lump madel s not
consistent with the data.' Kaference ¥ also reports on
simulations that wery used to ussesn the applicabllity o
the single-lumpssize mwlel 0 samples th cmu{;wd
distributed lump sizes, The single-size modal perltwriml
well, wven in cuses with a8 wide range of lump nizes,;
however, the siudy did nut conaider many cases in which
a Inrge portlon of the plitonium had negligible panisle
slaw,

Additlonal wiTist was focused un determining the ellat of
hias caused by nonuniform niatrin snd source dintiibu:
tions on the quality of fump correctiuny o 20N | drums’
For Jrumesized sumples, bisx in SCS  avsave due 10
intris and siice poaltion elfam wery shown (o diston
the oncrgy variutior al the lower gamma-ray cncrgion,
causing the lump-<cormection algorithin o (ail.  he rame
drums were pasayed using an improved grnmnsray vy
technique, tomgraphic gamma scamning (1GR).
ecause the assumptions required for 1UN analyis are ir
lean restrictive than those for SUS (the distribution matny
ol smwitce tmaterinl me determined by compute i)
tomuoygraphy), the lumd-cortectm was alwiny v sticeassliil
swhen applied to 1UN data,

Howcver, measutaimenta with a mobitle 1O sy stem, Bath
At Joehy Flote and at the Los Alamuoy TRU vite, were net
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consistent with the controlled experiments in the labore-
tory. Lump-corrvcied TGS assays of residues and TRU
waste containing sals with well-established reference val.
uos were blased low and the single-lump-size model was
found to ho grossly inconsistent with the energy-depend-
ent TGS data. The results were very similar to those
observed In lump-corrected 508 ausnys of pyrochemical
salls. The correction fhctur for lumps basod on the ratlo of
the 129-keV to 4)4<keV result was somewhat smaller
thaa the correction factor obtained using the 343-keV 10
4 1dheV mtio, and the correction lictor showed a distinet
increaning trend with energy.

In this puper, we proruu a timple hypothesly fue the
ohweeved varlation of the comection factor that Is conaise

tent with tho description ot pyrochemical saits provided
by Christensen and Muiline. The hypothesis leads 10 &
slightly revised lump model and a comrection algorithm
(hat we can test for & wide rnge of plutonium residues,
including pyrochemical salts, e data needed to test the
new algorithm sere obtained nt the Los Alemoe
Pluonium Fucllity using a prototype TOS.  In sddithn
ta proving our hypothesls, the results of the analysls
be used to pravide a preliminary assessment of the pee
tormance of 1GS tor pyrochetnical anits.

1. THEORY

Hypahosis Fromn the standpeint of gammnsmy NDA,
the plutonium in pyrochemical saltn, and other plutonium
rosidues auch ax oXides, can by divided into a pottion that
conaists of pluronium metal shot and a dilute lmnhm that
b tined with the mattin materlad (Lo, an PuCCl)

It the hypothems i correct, the variution in the wvsay
result with enerpy v otve by

MIE) = M e byl F) st ], (1}

where p is the offoctive 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 similar (0 the old model in that
it in assumed that the metal shot can be represented by o
aingle lump size. From prior experience cotrocting simu-
lated assays of samples with distributed particle sizes, this
mssumption is rewsonsbly sccurate’ The new model
differs from the old mode! only in the trestment
particles of infinitesimal size.  Attenuaiion by dilute
plutonium mined with the matrix is assumed to be tully
accounted for by the gammssray irmsmission analysiv wnd
Is expected to produce no ohsorvable encryy variation.
For 1US, where the assumptions of uniformity and
homogenelty apply to relatively small volumes (on the
orcder of 1 cm’ for cans and 128 ¢m' for drumn), this
assumption Is expectod to be valid, especially when low
denlmy plitonium compounds are distributed over Iamge
reglony.

Assay results at thres energios are required to Jutermine
the parsmeters of the model. Lump size can be determined
by exumining the rativ of JilTerences between ansny 1eavlis
for differet gammaeray onergies. For oxample, the
tollowing equation can be tolved to determine lump-s12e:

MO0V = M(SH) Py (10203) = By yi{ prd14)

MUSAN) = MATAT ™ Fapopal B A8 = Frpsguael BT
(k1)

whett M(e) denotes the masa determined by TGS at the
sclected energy. Unce lump size ls known, the A and @
we canily determinedl  Thin  diredt appromch,  while
vohceptually ahmple, b nol vary usulul in proctice tecaume
2 can vary considernbly when different sets of gumma niy»
nre used, even when the mimmiel v convintent with the duin



Wo preter, instead, 10 fit Eq. (2) W0 the dam using
weightod least squares to determine the unknown
purameters. The weights are determined by combining
propagated  statistical errors and estimates of the
instrumental uncerminty of the assay for each energy.
Constraimy on each of the fitted parameters are imposed 1o
avoid infeasible solutions, This approach uses all of the
datn (0 determine the parameters and is considerably mare
robust than the direct method.

11l. EXPERIMENTAL

A prototype TGS dovoloped by the Los Alamos Safe-
guards Program ls currently at the Los Alamos Plutonium
Facllity and i3 undergoing tesiing and cvaluation o
assesy the sultability of TGS for assaying residues and
wasi¢ In can-sized containers and 208-1 drums. The TGS
technique uses tmnsmission computerized tomography to
form thres-dimensionsl images of gemma-my attenuating
materin). This Information is used to comect emission
tomographic data for nonuniform attenuation by the
mawix, resulting in  sccurate. three-dimensional
reconstructions of the diniribiion of nuclewr materisl in
the sample. Doth the transmiasion and smission modes
us¢ high-rasolution gammo-ray spectroscopy (HHRUS). As
in 8GS, HRGS allows the imensity of seleciod gammn
ruys to Le determined very mecumtely. Recause both
nonuniform attenuatlon by the matrix and the
location of the emission sites are acoounted for, TGS s
vary sccurmie for denne samples that are nonumiform ikl
inhomogencous. Detailed descriptions of TGS van he
found n Referencos 10, 11, and 12,

The protutype TOS was configured 0 wisay can-alzed
samples (- 20 cn in diameter), Trensmission and
cmission tomowwphic data sets were acquired using an
atjusable collimator with high resolution (I3 mm
aperture) and low resolution (23 mm aperture) veitings.
The lowsrasvlution scans, which comespond 10 linugoes
with 1UxIUX16 volume elements, e completed in less
than wn hour. The higher=resolution scane cormeaponding
o 20820532 element Images are compietod In eight
hours. The data will be used to assess the Importance o
spatial resulution for pyrochemical salt assays.

TGS images of a canspived samiple, roughly 20 ¢m in
dianieter and containing elecirorelining salt, ar shown In
Pig. ) along with iwdiogrephs of the sult.  The yansmis.
shun bnuye wan ubiained using n collimatin ogrening of 13
mm. Chunks of sall and tho boundary of the inner
container can be seen I the image, The emission image
was oltained uning u collimutir opening of 28 mm,  'he
highly lucalizad |ﬁnu hution of plutonium In the semplu
13 typical of the salts We exaniined.

To date, aver W0 canssbae] samplen comtnbnlng phistandom
residugs have been madsured using the prototype T

with both high and low resolution cullimator senings.
Residue categories include the following:

MSLE and IR salts;

magnesium oxide crucibles:
sand, alag, and crucibles;

impure oxldes and chiorides: and
Incinerator ash.

Most of the samples were assayed by calorimotry to
otiain soforence valuos noeded to asvems the accumcy of
TQS. The samples wero also assayed using SIS aml
passive neoutron colnckdence counting. In addition, a
smaller number of the samples have been assayed using
neutron multiplicty counter optimired for pyrochemical
salts. Only a portion of the TGS and neutron
multiplicity data has beon analyzed and a full
intercomparisun will be avaiinble only after the com-
pletion of the messurement cunpalgn, Preliminary results
for TOS obtainad by analyses of the data 1akon with the
low resolution setting are available and weore used to
evaluate the new jump-correction model.

Calibration of TUS fur the lump-comection study was
accomplished uaing can-sized SGS stundards doscribed by
Houe, mt ul."' For self-anenuwtion analysis, care munt be
tahen 10 select standards that huve small panicle slize.

Fig o
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Self-attenuation in particles with diametors as small as
100 microns is not negligible (see Fig, i). The particle
size in the SGS standards was determined using
destiuctive analysis and is approximately 5 microns.
With these standards, self-attenuation is negligible for all
of the gamma rays of interest. More sophisticated
calibration techniques that determine particle size along
with the calibration constant for each energy are under
development; these techniques will enable the resiriclion
on particle size to be relaxed.

V. 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 will refer to the old method in
which all of the plutoniwm is ansumed to be in the form of
metal Jumps as LLCM. The now method, in which the
plutonium is assumed to be a mixture of motal lumps and
plutonium dissolved in the matrix, will be referred to
LEMIX. Resulia of two representative samples are shown
wn big. 4.

in the first case (see Figure 4an), LCM was found to poorly
W the data, The lump diameter dotermined in the fit was

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

tor this fit was J with two degroes of fresdom (L x2 ),
Muscd on the standard “goodness-of-flt” test, we conclude
that it is unlikely that the assumptions underlying 1.CM
are valid."  The LCM algorithm also fuiled to improve
the TGOS asaay. The 414-keV result was biased low by
21% and the lump-corrected result provided by the LCS
algotithm reduced the bius by a small smount (1%). In
addition, the rutio method doveluped by Sprinkle and
lisue produced inconsistent correction factors. The
correction factors obtained using ration was 1,07 for the
120keV 10 d14.keV ratio, 1.18 for the 203-heV to 414d-
keV rutio, and 1,34 for the J45-keV to 414 keV ratio,

In comrust, the LOMIX model prasduced an excellent th
(X} =03, 021) The ftaction of mass in the form of

putonium metal wos found to be 7% and the effective
diameter of the metal particles was found to be 2.24 mm.
The corrected mnss of Pu-239 determined by 1.OMIX wan
285 yrams, which is within 2% of the rolerence value
deternsined by entorimetric assay (281 grams),

In the sevond case (vee Figure db), the quallty of the 1h
provuced by LUM was quite poor (¥ = 10, U =),

LUM tatled 1o imprave the 10)S nasay and n similnr trend
wis odwerved in the correetbn facior hased on the intio
muthad, 1 CMIX produced an axcellent fl 1o the data

(x! 0.8 Vel Mo traction of (u-239 in the fom
of Tumps way 6% aml the effgetive jump dinmeter wan

6.1 mm. Despite the excellent flt, LCMIX overestimated
the total amount of Pu-239 by a substantial margin
(24%),

Before accepting this result, we performed a teut for satu-
ration. Plutonium motal particles with diameters 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
diameter), Consequently, the scnsitivity of the assay to
particle size is very poor when the particles are 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, The resulting fit
is shown in Fig. 4b (circles) and is very similar 1o thy
original it where p was ireeted us a free purumeter. In fisct,
the reduced chi-squared value for the saturation test was
1.0 with two degrees of freedom, a highly reproducible fit.
In generul, saturation can be determined by comparing

thel wnlue obtuined by LOMIX with the value

obtained in the “saturstion teat” (p~20). If the difference
is smaller than = threshold value (tor oxample,

Ayl <1), then sawration can be assumed.

LCMIX was applied to corroct all 26 assays. Lach cuse
was screened for saturation using the “goodness-of-fit" test
Jdescribed nbove, Seturstion was detected in aix cases,
ench of which was rejected as & candidate fir Jump
correction and marked as unsuitable for T<IS analysis,
Results for the remaining 20 samples are plotted in Fig. §
for both L.CM and LCMIX. There ure » lurge munber of
cases for which LCM produced relatively small correc-
tions. In cach of these cases, quality of the tit produced
by LCM was found to be quite poor, The total amount of
Pus219 (summed over all of the wnples) predicted by
LCM Is lowor than the calorimetric assay by about 10%%,
In comparison, the total amount of Pu 239 baged on the
d14-keV assay iy lower than the culorhineitic wssay by
abont 20%,

The LCMIX nlgorithm made larger, and more avumie
corrections than 1 CM and prduced s thist wene
consistent with the datn, The Jifference etween the total
amount of Pu-239 (summed over all samples) predicted
by LUMIX and calormetry was 492 M) grams.  Lhe
total amount of material in the 20 ssmples fiv which
LOMIX pruvided o conection was 4489 gians  Conses
quently, the total amount ol Pus2)9 determined by
LCMIX ditfens trom the refwence value by less than u
percent. The averuge vatintion of indvidunl resslis sy
the LOMIX algorithm was fumd 1o e # 100 A e
portion of this variatlon s expectod o be due 1o
amplitication of statistical variations t the counting dva
by the thting slgorithm e vreor bars showe in the Fig
L e entimates of the statistival grror based on the raue
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tal the lump correction based on the mixture model (LCMIN) was successful. (h) samnration conditions wera detected by

LCMIN,

method and can be conshdered a lower bound hw the
variation in the corrected mass. Methods developed
previously for estimating the variance of constrained
estimnturs are being ndupwd lo provide n complete
scnsitivity anatysis for LOMIX,"
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V. CONCLUSIONS AND FUTURE, WORK

Ihe primary conclusion that we drmaw trom thin waork 1
thnt the mixtare model (LCMIX) is supetior to the
wundels unedd in all previvus effints (0 conret for gammas
ray selt-nttenuation by tumps of plutonfum, LUMIX
conforms to an accurate physical model of pyrochemical
sabis anned Tits the gty uavay datn ocguired for sach
samples, providing  corrected  resully that we muae
conuistent with culorimetne anaay than the established
methaed (LEME The  enerpy  varimion  oheerved in

cotrection factom  (determined by the rativ method
developed by Sprinkle and tisue) Rurther supports
LCMLIX, and is consistent with the assumption that there
is some plutonium in the sample that causes littl~ or no
solf-attonuation. LOMIX also identifies caves in which
suturation conditions are present, which i3 essentinl fir
roliable lump corrections,

The primary limitwtion of LCMIX is thet it requires
assays for three or more Pu-239  gamma  rays.
Consequently, the technique may not work etfectively for
SA8, which can be bissed considerably at iow energy (fr
example, 129- and 203:keV). The technique is ultimately
intended for use with TGS, which can provide aaurate
ussuys ut ull onergies for n wide mnge of materials in can-
und drom-vized sumples. Results of the current evaluation
will be used (o optimize the contiguration uf the protatype
IS and to Jesign now instruments that are cupablc of
nsynylig plutonium residves with improved accuracy:,

Another usotl upplicwtion of the LCMIX model iy
determination of the metal content ot 1esiducs tor rocovery
vod stubilizia.ion.  Depending on the process used, it iy
likely that the ability to recuver plutonium frm salis is
strongly comelated with the amount of mctal already
present in the materlal. Samples with small quantitivs of
wetnl ey not be worth recovering. The 1| CMIX model,
combined with a referenee technique such as calotimetry,
could be used as a nondestructive kleve, providing
estimutes of the size of the il particles and the portion
of the phitonium  that in in the ey of el
Calorimetric ua\dy would proside an nccurnle estimate of
the masy, leaving vnly two parameters (@ and p) o be
determined by LOMIX fiom TAS dinin. The resuliy of
applying thin teghniyues tu the samiples wunaded at the
L ov Alamor Plutontum Facility are xhown in big 6
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