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DETERNIXNATION OF PLUTONIUM CONCENTRATION
AND ~SOT~PIC COMPOSITIONS

BY ISOTOPE DILUTION GAMMA-RAY SPECTROSCOPY
ON RESIN BEADS

by

T. K. Li, Y. Kuno, K. Nakatsu!ca,J. L. Parker,
K. Kaminaga,and T. Akiyama

ABSTRACT

We have developed a new technique for simultaneously deter-
miniilg the plutonium concentrtitionand the isotopic composition of
highly irradiatedfuel dissolver solutions,such as the input to a chemi-
CO1reprocessing plant. This technique combines the high-resolution,
low-energy, gamma-ray spectroscopy !echnique, the isotope dilution
technique, and the resin bead technique in one; it is referred to as iso-
tope dilution gamma-ray spectroscopy (IDG!J). The IDGS involves
adding a well-characterizedplutoniumisotope~othe unknownsolution
al~dthen extracting the plutoniumfrom the spiked (mixed)solutionon
resin betidsznd subsequently measuring the b:ads with high-resolu-
tion gamma-rtiyspectroscopy. The spike used in this experiment is a
Iurge size dri~d spike of z@Pu. The plutonium concentration of the
dissolver solution obtained from the first IDGS measurement agrees
with that obtained by isotope diluiion mass spectrometry within
0.042%.
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I. INTRODUCTION

The resin betid technique] was originally developed to selectively absorb plutonium and

uranium from a reprocessing plant input dissolver solution onto anion resin beads, which are then

analyzed by isotope dilution mass spectromctry(IDMS).2 Each resin bead then serves os a vehicle
for Ioading onto the mass spectrometer filaments. To reduce the complexity of sample prepartition,

the analysis time, and the cost of I12MS,we have recently demonstrated a rapid nwthod for

detemlining plutonium isotopic composition on resin beads using high-resolution, low-energy,

gamma-ray spectroscopy.3 The results obtained from the resin bead gamma-raytechnique showed

negligiblebias when comparedwith those obtainedfrom mass spectrometryand showed tiprecision

(1o) of a few percent on samples containing only 9 pg of plutonium. Obviously, the precision

obutined from the gamma-ray technique can be improved with better counting statistics thtit w-ea

functionof samplemass. isotopicdistribution,assay geometry,count time,etc.

In ~dditionto plutoniumisotopicanalysis, the resin bead gamma-raytechniquecun tilsodeter-

mine the total plutonium concent.mtion,if the unknown solutions are spiked with an accurately

knownconcentrationand isotopiccompositionof anotherplutoniumisotope. The plutoniumis then

extracted from the spiked (mixed) solution on resin beads, which are subsequently measured with

high-resolution,gamma-rayspectroscopy. This new methodof determiningplutoniumconcentration

is referred to as i~otope dilution gamma-ray spectroscopy (IDGS). The isotopes 236Pu,238Pu,
2 ~ c a known spike for the IDGS technique. However>‘or9
co:;;w-davuiltibilityconcerns, 2S9PUis the best choice. A ! s dried (LSD) spikeQof 2S9PUis

used as the spikefor t!!isexperiment. Its certifiedisotopiccompositionis listed in Table I.

This report describesthe principleof the IDGS,the resin bead sampleprepamtion,and the pre-

liminaryresultscbtained by this new technique.

TABLE I. PlutoniumIsotopicDistribution
of Pure LSD-Spike

Isolcme at.90
2 0.002461
239pu 97.93026
240pu 2.05199
241pu 0.013984
242pu 0.001304

2



11. ISOTOPE DILUTION GAMMA-RAY SPECTROSCOPY {IDGS) TECHNIQUE

Let W C and V b the weight fraction of isotope i, concenfiation (g/~), and volume (/), re-

spectively,imdthe subscriptsu, s, and m stand for unspikedsample (dissolversolution),spike (LSD

spike),and spiked sample (mixture of dissolver solution and LSD spike), respectively. Then the re-

ltiti~nof unspikedsamp]e,spike,and spikedsamplecan be expressedas

Wi = Wjc, v, i- w; Cuv
c. v, + Cuvu “ (1)

The rtitio of two isotopes[ =Ofor 2~Pu and i =9 for 239Pu,in Eq. (l)] in the spiked sampleequals

Let

(2)



Equation(2) can be rewritlt.] as

~ = ~ , R,; C, V. + k; Cu Vu
m

u ku C. V. + R, Cu V,, “ (3)

After rearranging Eq. (3), the concentration of the unknown dissolver solution, CU,can be solved for

as shown in the followingsteps:

R R b C + R R V C = R R V C + R R V C

Cu V R ( - R = C v R ( “R

whereMSis the mass of plutoniumin the spike. Thus,

MT W R -c =- “ “
Vu w; Ru- R~ “

In this equation, the valuesof MS,

(4)

W R and Vuare known. Therefore, only values of Ru and W
in the unspiked dissolver solution sample and R in the spiked sample are to be measured by

gamma-rayspectroscopy.
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In the ctiseof usingaim-nfractions,A on~can utilize the relation

(here, /i = isotopic weight and ~= Z / =average atomicweight) to convert Eq. (4) from the

mass fraction foml to the atomic frtictionform. Since the ( - R - R
value whether we p lin mass or atomic ratios, the only terms in Eq. (4) we need

Thus, Eq. (4) can be converted to

ratio has the same

to convert are

(5)

for the utomfrxtion calculation.

The measurement method is based on high-resolution, low-energy, gamma-ray spectroscopy

techniques. In generul, the isotopic ratio N (of two isotopes m and n can be determined by

measuringtheirrespectivegammarays a and b

// = N(m) = C I T 1~— . .
N C I Tll~(n) “~ ‘ (6)
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where C measuredc r o g r
I = absolute branchingintensityof gammarays,

TI/2= half-lifeof isotope,and

c = relativeefficiencyof selectedgammarays, includingdetwtor intrinsicefficiency,
countinggeomeuy, and attenuation.

In this work, the isotopic ratios of 23SP@9Pu, 240Pt@~!%, and 24]Puf139Puare dc[crtnined

by analyzing the gamma-ray ratios 43.48 keV/51.63 keV, 45.23 keV/51.63 keV, and 148.6 keV/
IL9.3 kev, respectively. The 23@u, 239Pu, ~~OPLI,and 241Pucompositions in the sample can then

be determined by combining isotopic ratios and correcting for the 242Pucontent, which is predicted
by isotopecorrelation techniques. All gamma-raypeak areas are calculated by using a channel-by-

channel summationmethod with a linear, straight-linebackgroundsubtraction, Minor interferencesm
in the full-energypeaksare takeninto accountin the assayequations.

For each spectrum,the gamma-rayrelativeefficienciesare determinedfrom the quotientsof the

measured peak areas and the known specific activities of the selected 239Pu gamma rays in the sam-

ple. A simple linear In E vs in E (gamma-ray energy) interpolation between measured efficiericy

points at 3 and 51.63 keV is used to calculate the relative efficiencies at 43,48 and 45.23 keV.

The measuredefficiency points at 129.3,144.2,171.3, 195.7,and 203.5 keV are fit to a quadruticto

detemlinethe relativeefficiencyat 148.6keV.

The gamma-ray spectroscopy system (Fig. 1) uses a high-resolution hyperpure germanium

(HPGe)phmardetector,a Canbena Series90 multichannelanalyzer(MCA)with a 16-k-cht-mnelana-

log-to-digitalconverter. and a Digital Equipment (DEC) Micro-11computer and peripherals. The

MCA is controlled by the computer, which has !28-k, 16-bitwords of memory and is a processor

for data acquisitionand analysis. The detector is 1000mm2by 13mm with a resolution (full width

at half maximum)of 560 eV at 122keV. A two-pointstabilizerlocked to the 51.63- and 129.3-keV

gamma rays from 23~Puis used to maintain the energy calibration. An existing plutonium isotopic

analysis code, written in FORTRAN under DEC’SRT-11 V5.02 operating system, is used for data

acquisitionand analysis.

III. RESIN BEAD SAMPLE PREPARATION

Ths resin bead sample preparationprocedure is shown in Fig. 2. Four aliquots were prepared

after the LSD spike was well mixed with the precise aliquotof the input dissolver solution and then

completely dissolved at 90”C with 5M HN@ and 0.00IM HF. A portion of each sample was pre-

pared for the IDGS measurement and the remaining solution was used to prepare IDMS samples,

After evaporation, each aliquot was redissolved with 8M HN03. Those solutions were passed
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t ht a e xc (BIO-RAD AG-MP1 N03 form, 0.5 ml, 5 mm $). After

washing to remove fission products, uranium, and americium with 8M HN03, plutonium was

eluted, its acidity adjusted with 8M HN03. The plutoniumwas absorbed in a small gauze bag that

was prefilledwith resin beads. The resin bead samplesthenwerebaggedout from the glove box and

plticeddirectly in front of the HPGe detector for the IDGS measurements. The s p
f originally proposed had been such that a certain amount of resins containing plutonium were

[aken from the ion exchange column for the measurement. It was, however, found that ruthenium,

one of the major fission products, was hardly rinsed from the fust stage of the ion exchange

separation. Therefore, the idea of plutonium elution-reabsorption mentioned above was adopted.

Because [he dissolver solution used in this experiment has been stockd over 1 month, no valency

adjustment has been made. However, for routine operation, it is necessary to tijust the v
before ‘he ion exchtinge.

Each LSD-spiked aliquot originally contained approximately4.5 mg of plutonium horn the

LSD spike and 1 rng of plutoniumfrom the dissolversolution;approximately6(I%of the plutonium

is lost during samplepreparationbecausefissionproductswere necessarilywell rinsed out. Because

the LSD spike is expensive and difficult to obtain,measurementsweremade at severaldiluted spike

concentrtitionsto detcmline the minimum amountof spike required. Each LSD-spikedaliquot was

diluted to X2 (half of original concentration,LSD1), X4 (LSD2), X8 (LSD3), and X16 (LSD4) to

selectan optimizeddilution. The plutoniummassescontainedin the LSD1,LSD2,LSD3,and LSD4

diluted s:~mplcswere approximately 1.1mg, 0.55 mg, 0.28 mg, and 0.14 mg, respectively.

IV. RESULTS AND DISCUSSION

Figure 3 shows low-energy gamma-ray spectra of the (a) LSD spike, (b) unknown dissolver

solution, und (c) LSD-spiked(mixed) resin bead samples. The 240P@39Puatomic ratios obtained

from bo[h IDGS and IDNISfor LSD-spikedsamples (part A and for the dissolver solution sample

(p:u-tB) are summarizedin Tuble II. Columns2 to 5 showthe IDGS results for variousdilution fac-

tors (X2, X4, X8, X16) of four LSD-spiked samples. Most data (ratios) shown are averages from

two or three independent measurements. A few samples were contaminated by fission products

during preparation in a hot glove box; data from these are not included in the averages. The direct

interferencesof the K x rays from fissionproductswith the plutoniumlow-energygamma rays will

affect the accurucy of the measurement. Furthermore, the dramatically increased continuum

backgroundproauced by higher energy gammarays from fission products will reduce the precision
Of me;w,urement. Figure 4 shows a comparison of the gamma-rayspectrumfrom a f

contiimimitedresin bead sample(dottedspectrum)and the spectrumfromthe samesampleafter it was

9
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rewashed to remove fission products. In Table Ii, the last column shows the ratio of the averaged
2 ~ Or ( c6 obtained from 113GSfor each LSD-spikedsample and the 2 4

ratio obtained from IDMS (column 7). The average of the IDGS/IDMS ratio of 240Puf139Puis

0.9840 with a relative standard deviation (RSD) of O.22%. The bias of 1.6%between the IDGS and

IDMSresults arises because the gamma-raysystem has not been calibrated with this type of samFle.

It can probably be used as a calibrationfactor, which is affectedby the relative efficiencydeterminat-

ion, peak integrating,backgroundsubtraction,branchingratios, and half-life selections. MWemea-

surementsare needed to conkn this.

From Eq. (4), the total plutoniumconcentrationof the unknown dissolver solution can be cal-
cLllatedby using measured Q~OPuf139Puvalues for the LSD-Spikedsolution (Rm)and for the dis-

solver solution (Ru)in Table 11and certifiedvalues for w: and 240P@39Pu (R~)for the LSD spike

from Table I. The volume of the dissolver sol~tionis 0.9958 ml for each spiked sample. The mass

of the LSD spike (MS)taken is 4.5021 mg for LSD 1,4.49898 mg for LSD 2,4.48541 mg for LSD

3, and 4.49349 mg for LSD 4. The measured weight fraction of ‘9Pu ( in the dissolver so!u-

tion is 0.66876 for IDMS and 0.657419for IDGS. The results of the total plutoniumconcentrations

1
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TABLEII. Comparisonof the24W39~ Ratio(Wt%)by~GS ~d IDMS

240p@39~ (X10-3)

IDGS IDMS IDGS
X2 x4 x8 x16 Average LDMS—

A. LSD

LSD 1 6 6 6 6 0

L 2 6 6 6 6 5 0

L 3 6 6 6 6 6 0

L 4 6 6 0

A v e r0.9840

RSD(%) 0.22

B. DissolverSolution 333.4 336.552 0.9906

from IDGS and IDMS are compared in Table III. The averageplutoniumconcentrationobtuinedby

IDGSagrees with that obtained by IDMSwithin0.042Y0with an RSD of 0.38476(the last column in

Table 111).While the z~~P@gPu ratios show a slight bias between IDGS and IDI$IS,this excellent

agreementfor plutoniumconcentrationmay be becausethe systemtiticemorsin the calibrtitionfuctor

were cw-tcelledout in Eq. (4) when we calculated the concentration, Further examintitionis under-

way.

TABLE III. ComparisonJfTotal PlutoniumConcentrationof DissolverSolutionby IDGS
and IDMS

TOTAL PLUTONIUMCONCENTRATION(g/0

IDMS s
LSD1 0.97686 0.97242 0.99545
LSD2 0.97782 0.97725 0.99942
LSD3 0.98217 0.98610 1.00400
LSD4 0.98062 0.98337 1.00281

Average 1.00042
RSD(%) 0.384



T e sp r(1o f t 2~Pu/239Pur o t s s a i f o d
factor and count time, is tabulated in Table IV. The count time, to give a better than 1% preci-

sion when m ethe 2~)PL#39PUratio in the spiked sample, is about 1 h for the X2 dilution,2 h

for the X4 dilution, and 4 h for the X8 dilution. For rapid routine measurements, both X2 dilution
and X4 dilution are recommended.

TABLE IV. EstimatedPrecision(%) for LSD-Spiked(Mixed)Samples

240pu/239pu

Dilution l/2H IH 2H 4H 10H

x2 1.3 0.9 0.6

X4 1.8 1.2 0.8 0.6

X8 1.4 1.0

X16 4.1 3.0 2.1

v. CONCLUSIONS AND FUTURE WORK

The rtipid and accurate IDGS techniquemay provide a prompt and useful verificationof input

A intermedititeprocessplutoniumsamples,which is very importantfor near-real-timeaccountingat

reprocessingpktats. It is also a potentialon-site verificationmethodfor InternationalAtomic Energy

Agency (IAEA) inspections. By implementingthis new technique, the IAEAcould significantlyre-

duce !hs number of s~mples sent to Vietlna for IDMS analysis. Although the results of the first

IDGS measurement are very promising, further development work is underway to improve the

gamma-rayanalysisand resin bead preparationprocedure. The improvementsto gamma-rayanalysis

would include peak fitting, interpolation of background using a smoothedstep function,and usingan

efficiencycalibration for a defined sample-so-aetectorgeometry. The improvements for the sample

preparationwould includereducingpreparationtime with a simplifiedprocedureand reducingfission

productcontaminationpossibilitiesby using an automaticsamplepreparationsystem. Future exper-

iments are planned using different plutonium concentrations in dissolver solutions and different

spike-to-dissolver-solutionratios.
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