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ABSTRACT

A flald test has been carried out for more
than . years for determination of plutonium con-
centration by K-edje absorpticn densitometry and
for determination of plutonium isctopic abundance
by transmission-corrected passive gamma-ray spec-
tranltry.l This systen was dedesigned and bullt
at Los Alamos Natjonsl Leboratory and installed
at the Tokal reprocessing plant of the Power Re-
actor and Nuclear Fuel Development Corporation
a8 & part ol the Tokal Adv.nccd Safeguards Tech-
nology Exercise (TASTEX)

For K-edge mesnurement of plutonlum concen-
tration, the transmisefions at two diecrete gamma-
ray energies are measured using the 121.l1- and
122.1-keV ganna rays from Se and Co. Inten-
sities of the plutonium passive gamms rays in the
energy regions between 38 and 51 heV and between
129 and 15) keV are used for determination nf the
isotopic abundances.

More than 200 product sclution sample. have
been measured in a tiwely fashion during thesa
2 years- The relative precisions and accuracies
of the plutonium concentration weasuresment are
shown to be within 0.6% (Jo) in rhese applica-
tions, and those for plutonium 1eotopic abun-
dances are within 3X for 238Pu, 0.4X for 239PJ.
1.2% sor 240py, 1.3X for 2%lpu, and 7% for 242py,
The time required {s 10 min for tne concentratlon
asssy, 10 win for the isotopics assay, and sbout
15> oin for handling procedures in the laboratory.

PURPOSE

The purpoese of the fiald test described in
thie paper was to determine plutonium concentra-
tion and i{sotopic sbundances {n the product eolu-
tion by off-line, rapid, nondestructive tech-
nlques and to dewmonatrate the applicability of
thesa technlques, incorporated int»> {inetrumants
owned and operated by tha facliity, to Llnterns-
tionsl safeguarde inepections at frradiated fuels
reprocessing plants. The tests were carried out
Sy the Pover Reactor and Nuclear Fuel Davelopment
Corporation (PNC) at the Tokal Works reprocesaing
plant 1in collabdoration with the 1nternational

Atomic Energy Agency (TAEA) and the Los Alamos
Nationsl Laboratory.

TECHNOLOGY, EQUIPMENT, AND PROCEDURES

The absorption-edge technique in the prasent
system iovolves the wmeasurement of gammda rays
from an axternal source thar are transmitted
through the sample to be detected and ana'yzed
by s high-resolution gasma-ray speactrometer. The
transaission souvrces or the % od;u instrument
are the radioilsotopss 35 and The 121.1-
and 122.1-keV gasaa Trays .nlttod by these
sources, respectively, closely bracket the K-
absorption edge of plutonium at 121.8 weV. The
logaritha ot the ratio of the measured tiansmis-
siones et these two gamms-ray energles {s directly
proportional to the councentration of plutonium.

The msasured transmisslions of other gamna
rays emitted by the two sourcas can be used to
correct for self-attenuation effects in the pas-
sive gamma-ray assay. This epproach is used to
avaluate the pluconfum isotopics fros data ob-

tained during a s ,arsce passive count. All
seasured loo:oplf &;nctlonu are determined rels-
tive to that of The Pu lsotopic {-ac-

tion (relative to rthat of 23 Pu) is avaluetad
from an isotopic correlation bhaned on the 240y
ratto to 23%u. The correlated relative reoults
sre used to detersioe the absolute lsotoplic frac-
tions.

The K-edye instrus’nt ls desliyned to posi-
tion the 58- and Co eources, mounted on a
wheel, ip the transr'esion path in order to per-
form the twc transmissio’ wmessurements. A third
posltioning of cths whaal shiasldse both gourcew
from the detector for tha passive count.

Measuresment control procedures assure the
long-term validity ot the parsmsters used to de-
teruine the absolute results for plutonium con-
centration and isotopic frsctions. A plutcnium
foil sesayed routinaly by the K-adge technique
accosplisheas this purpose 1.. the formar Cacae.
Sioce the isotopics determination is sensitive
only to relstive gasma-ray detection efficlan-
cles, the ralative efficiency is verlfied using



the measured gamma-ray intensities obtainod dur:-
fog the msasurement of 758¢ 1o the abseoce of
a sample. The unattenusted intengities (intengf-
ties wicthout eesple) of the 735e and Co
gamms reys are measurad daily.

IVSTALLATION, CALIBRATION, AND TESTING

Calibration measurements vere performed at
Los Alamos and at the PNC Tokai Works reprocess-
ing plant using prepared nitrate solution samples
of plutonium. The solution samples were charac-
terized by destructive chemical analysis. Since
the isotopics caiibration at the PNC Tokai Works
was based on the mass spectrometric measureasents
of a single sample, this calibration has been
modifiod slightly, based upon the more ur._cmuvo
comparison raesults (muss spectometry vs passive
assay) obtained with process solutions. The
calibration at the Tokai Works was performed in
Octobar 1979 vith 12 reference samples of varying
plutonius concentration and identical isotopic
composition.

Measuraments with the calibratad ipstrusent
were parformed on 121 product solution samples
(locluding aged eamples from tha storage tanks)
from November 1979 to March 198}. Count g- r]
of 2000 ¢ wera used for the ('“751 p[plusm (o)
transmission measurement as vall as for the pas-
sive count. Thece samples were sleso analyzed
destructively for plutonium concentration and
isotopics and compared with the K-adge snd pas-
sive assay regulcs.

Evaluation of the results for the product
solutfions and the storage Laenk solutions has baen
accomplianed jolntly by Los, Alemos Natiousl Lab~
orstuory and PNC Tokal Works and is dencribed in
detail in the final report on TASTEX Task G.Z
Thess renulta wore obtained prior to April 1981.

Count times of €00 s have been used since
April 198) for each messuresent ot plutonlum copn-
centration and isotopic content- These raduced
count periods vere adopted tor the convenience
of actual safejguards spplication of the fnstru-
ment in the reprocessing plant. Efghcy product
solutior semplen wer. wmeasured and compared with
tha conventional wsethods during the three cam-
paigns from April 1981 ro March 1%42.

TEST REBULTS AXD EVALUATION
Concentration

Destructivc Anslysis. The destructive sua-
lyticsl procedurs for deturmination of plutoniue
concentration ls a reric back-titration to a po-
tenticmstric end point. The solution is sampied
(tor 10 to 23 my of plutonium) and diluted with
2 mx of 3N nitric acid. After the valence is
ad jusied to Pu(Vl) by minlng for 5 to 10 wmino with
s otrong oxidising agent (Ag0), aitfates and ex-
ceansive AJO aze decamposed from the minture by
addition of (N sulfuric actid (3 ma) followid
by 0.3 g of pusvi.sred sulfamic acid. A hnowm vol-

ume (5 mt) of Fe(II) standard solution is in-
troduced in excess by calibrated pipette to re-
duce the plutonjum to Pu(IV). The Fa(lll) is
back-titrated to Fe(ll) with a standard Ce(IV)
snlution to the potentiometric end point.

Following standardization of the Fe(Il) so-
lution ("0.05N) and Ce(lV) seolution ("0.025N)
with staadard potsssiue dichromste, plutonium
coutrol and unknowva samples are assaysd. The
control sample, prepared by purification of the
plutoniua product solution and standsrdized by
pricary plutonium metal scandard, is used for
confirmation of uncertainties related to reagents
or titration apparstus. Assays of six asliquots
taken from each unknown sample are perforwed, and
the average ie used (o compare with the non-
destructive msasurement result.

Measurement Control (Plutonium Foil) Re-
sults. Figure ] is a sumamary of the measuremsnt
control results obtained from the K-adge assay
of the plutonium foil. The effective concentra-
tion (in grams/liter) is plottead ve date for the
period of time from April 1981 to March 1982.
Each data point is the everage of 10 repeated 40~
min msasurements parformed ovarnight. The repro~
ducibility of the foil result over time is the
measurement control requirenssnt. The average of
the 150 poiate in Fig. ) 1s 236.6 g/k and the
standard deviation is 0.7 g/& (0.30X relative).
Thase values ara similar to the results obtainel
from 123 foil wmeasurements performad betwsen
Januscy 1980 and March 198l. (The asverage vas
236.7 g/x» and the staadard deviation was 0.6
8/%.) Tne foil results are empected to de-
"“”1 ..llghu{uut:h time because of the docay
of Pu to AR However, the effects ars
snall enough in the 2-yr pariod that the foil re-
mains usatul during this period to validate the
reaproducibility of the plutonium concentration
aeasurement capabili:y for solutioms of a given
thicknesa.

Nondestructive Measuresents. The K-edge as-
say results for plutonium product soluticn are
evaluated relative to those of destructive anal-
yeis perforeed on these sauples The weasure-
aents of AU product sclution semples have besn
parformed eioce Apri' 198l. The reesults are cum-
sarized tn Fig. 2, vhich shovs tha percentage de-
vistion of the K-edge assay from the reference
valus (relative resul() plf!ud vs g,nph number.
Live coun! times for the 8¢ and Co measure-
ments were 300 s each. The plotted data pointe
are obtained from the average of the duplicate
X-edge sesay resulta for saca asasple. The sver-
sge result and the stundard deviation in all the
ralative dats are shown as solid and dashed
lioes, reepectively. Different syubols are used
to Jdistinguich the freshly separated and aged
samples.

Sioca the sample cell has a taper large
snough tc cause a 0.23% change in the calibration
parcaster for a |-mm change i vertical position,
rapositioning of the sample cel]l wes perforsed
in order 1o exsnins tha contribution to the wess-
uremant uncertainties. The repositioning of the
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call batween the duplicate assays gave an average
reproducibility of 0.25% for the 80 samples. The
K-edge precisiou computed from the counting sta-
tistics of the K~edge assay is 0.25X, in agcee-
aent with the observed resulta. This indicates
that the contribution to the random error due to
routine sample positioning is negligible.

The average and the standard deviation of
the relative results for 46 freshly separated and
34 aged solution samples are given in Table I.
The possibility of systematic effects in the as-
say result due to 1aa huudup2 is considered
for the aged samples. However, s separate evelu-
ation given a 0.06X lower value for aged samples
relative to the fresh. This difference is not
significant, and therefore the results for aged
and fresh semples coambined are used for the final
i{nterpretation. The deviation between the K-edge
and destructive recults is -0.362, and the stan-
dard deviation in the relative results is 0.342
for all ssmples. These vales are in good #zree
ment with those given io the final report on
TASTEX Task G.2 (The average deviation was -0.3%
and the standsrd deviation wag (.6X.) Since a
negative avaiaye deviation has persisted since
January 1980, a recalibration of the K-edge assay
using a plutonium etandaid solution {is vecom-
wended .

Plutonium Isotopics

Dastructive Anslysis. Therssl ionization
sass spectrometry is used to determine the mass
fractions of the plutonium lsotopes in the fresh-
ly separated solution samples. Anion exnchanga
methods for eeparation of uranium and americiuas
from the plutonium are used routinely in the
preparation of the freshly sepsrated samples for
mass spectrometry. The americium conctent of
these samples is too low to be of concern. How-
ever, since uranium (primarily as 238y) 1s pres-
ent at approximately a fourth part in 103 (U:Pn)
in the plutoniua produc; ahar- is the possibility
of contamlnation with 23 U of the macs spectiro-
metric sourca unless anion exchange methods are
carelully pertormed. Tha results of the mass
spectiometry technique are used for cosparison

freshly separated solution samples during the
l1-yr period from April 1981 to March 1982. Count
times for cthe passive aeasuremsnt vere 600 s.
The aversge of duplicate assay results for each
sample is compared with the mass spectrometcy vo-
sult. The {sotopics results, evaluated separate-
ly for BWR- and PWR-type fuels, are susmarized
in Table Il. The avor.ge deviation corresponds
to the average percentage differance between the
passive and the mass gpectrometry measurements
(average relative result). The accuracy of the
passive assay 1is the averap~ deviation, since the
expected uncertsinty (precision and accuracy) in

he mass l!octro-.try result for 239y, 240p,,

‘lPu. or 442p, g cignificantly les: than the
uncertainty in the corresponuing pavsive assay
result. The standard deviation in the raelative
results incorporates all rendos uncertainties,
including the stacisctics of the 600-8 counts.
The etandard deviation is consistently larger
than che average deviation for each ilsotope and
tlerefore represents the overall wuncertainty
(precision plus accuracy) of the 60U-s passive
assay.

Assays of 34 BWR and 30 PWk samples ware
performed during the TASTEX program from Octobar
1979 to March 1981. (The average isotopic frac-
tions were determined for 10 repeated 2000-s pas-
vive assays of each sample.) The iertopics ase-
SAy parameters verc vaea-gvaluated, based on thase
data, mainly to correct for tha large deviation
of +232 in the average of the BWR results for

2py. This deviatior wvae due to the frct that
the original fsotopic correlstion parametars, Ae-
rived from s limited dats set, were not appropri-
ate for BWR materiasl. “Original” 1in Table Il
shows the results of 18 BWR ssmpies thst ware
evalusted wusing the original psrameter setl.
"Modiiied” in Tsble Il indicates the rwsults ol
20 EWR and 8 PWR samples that were cvaluated
using the modified parametar set. The moditied
sat includes different correlation parameters for
asesy of BWik and PWi' semples. able [l gives che
average deviation and Lhe relative standard dev!-
ation in the relative .esults for easch imotupe.

The conciusions of tha isotorics evaluation

with the passive asray results for each plutoniua are:
isotope.
(1) The use of a separate set of parameters
Nondestructive Measurements. Plutonium iso- for the 7%2p, {sotoplc correlation four
topics measurements have been performed tor 28 BWR- snd PWRt-t ype samples greatly
TABLE 1

PLUTORIUM CONCENTRATION RESULTS

Deviation Betwean K~Edyge
and Destructive A.lns

Average K-Edge “Btendar

No. of Reproducibilfity Average Deviation
Type Sawples () ) (%,10)
Freahly separated plutonius 46 0.28 -0.33 0.5
Aged plutonium 34 0.20 -0.39 0.3}
Freshly soparated and sged 80 0.2% -0.50 0.34



TABLE 1I

PLUTONIUM 1SOTOPICS RESULTS

Relative
Average Standard
Sample Plutonium Nu. of Deviativn Devistion
Type Leotope Samples (X) (%,10)
(Original)
238 ~3.70 4.60
239 -1.27 1.56
BWR 240 18 0.72 2.45
241 ~0.74 1.77
242 31.86 21.66
(Modified)
238 ~0.31 2.3)
239 0.09 0.40
BWR 240 20 ~0.54 1.19
241 0.81 1.08
242 1.43 7.53
238 -0.53 3.3
239 0.39 0.53
PR 240 8 -0.78 1.27
241 0.84 1.90
242 -3.63 4.52
238 -0.37 2.61
BWR 2319 0.18 0.45
+ 2460 28 =-0.61 1.20
PWR 241 0.82 1.32
242 -0.02 7.11

improves the accuracy of thy passive as-
say of individual isotopes, especially
for BWR-type samplas.

(2) The overall relative uncertainty (1l0)
in the isotopic fractions dntermined by
passive assay of this set of samples {8
0.4, 1.2, 1.3, and 7% for 239y, u,
Z“-Pu. and 2“zl’u, respectively, for
600-s passive counts.

()) The average deviation (accuracy) for
each isotope is asubstantially lees than
the overall uncertainty given in (2).

(4) The sverage davistion of the assive as-
say fron mase spectrometry fnor 238pu 1o
negative and less than 0.3X. This i
rather good sgreesant betwesn the pss-
slve and the ases spectrometry resuits,
considering the low u lsotopic
abundance (<)X) and ctha possibility of
sass-2)8 contsmipation in the wmass spec-
trometry assay. The relative standard
dovl,“on in the raelative results for
the Pu sesay 1s 3}, lO.

BAFEGUARDS APPLICAT.ONS

K-edge and passive sasays of >lutonius cou-
centration and fsotopic abundance of product so-

lution samples have baen carried out under TASTEX
folloved by the Japan BSupport Programme for
Agency's Safeguards (JASPAS). The stability of
the K-edge calibration was proven in the field
test, which nss exceeded a duration of 2 yaears.
An inspection manual was prepsred 1o collabora-
tion with IAEA experts. As asuthenticstion pro-
cedures for this instrusent, the following have
bsen developad:

(1) Use of tantalum and plutonium roils as
“working™ standards.

(2) Visual iaospection of elactronics set-
tings, parametars, «nd gamma-Tray speactra
on the multichannel analyzer diaplay.

(3) Use of a separate software fluppy disk-
ette by 1AEA inspectors.

The recent installation and use of a second
dual floppy disk unit has made it possible to
sisultsnecusly store raw spactral data on asch
of two floppy diskettes (one for the facility and
ons for the JAEA) to msintsin efficliency in rou-
tine operations during inspections. rurthersore,
aev improved cumple cells have been designed and
fabricated. The nev cells are less susceptible
to the vertical positioning problem becauss of a
reduced tapar compared with the old cel_.

Tha calibration of the instrument was per-
formed 1n October 1979, using nitrate solution
sasples of plutonium. Bince these ecamples ware
charscrerized by destructive analysis perforsad
by PNC, & recalibration of the irstrument s
pisanad in which the plutonius reference solu-
tions will be analyzed by three different labora-
tories.

The feasibility of incorporation of this
ia-p.ant instrument into routine safegusrds in-
spection procedures has been greatly ennanced by
these collsborative fileld tasting efforts sup-
ported by JAEPAS end the Internatiounsl Sasteguards
Prograw Office. These efforts are still {n prog-
ress.
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K-edge assay results (equivalent thickness in graws/liter) for the plutonium foil piotted
vs date. The 55ilid line i{s the average result of 236.6 g/i.
the standard deviation of 0.7 g/& (0.30Z relative).

The dashed lines indlcate
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