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ABSTRACT

The energy-dispersive x-ray [luorescence analysis
(XRFA) technigue has been implementcd at several
spent nuclear fuel reprocessing facilities for
nondestructive measurements of uranium and/or
plutonium concentratians in pracess stseams and
product storage tanks. An important factor in these
quantitative measurements is the absorption of the
{luoresced n-rays by tae solution matrix, which must
be teken into account to accurately quantify the U or
Pu concentrations. We describe a new, accurate
mathod using a dual transmission sovrce of Gd-153
and Co-57 10 correct for matrin effecss. Reculws of
measurements on usanium and plutonium solution
standards show the mecthodology to be berier than
0.5%, which includes statistical precision, over the
concentration range from 1 to 250 g/I.

INTRODUCTION

Some of the many requirzments in nuclear fucl
reprocessing : scilities are process contral and nuctear
materials accounuancy information, Process streams
must be moritorcd to regulate stream concentrations
and to satisfy criticality safety conditions, These
requircments involve the detsrmination of uran:um
(L) or plutonium (Pu) elemental concentrations
throughout the facility Precise and accurate ac-
counsability measurements of the U or Pu concentra-
tions in praduct ssorage tank solutions are 2lso
needed. These meazurements <1n be dane practically
and cconpmically using nondesiructive analysis
(NDA} techniques. Energy dispersive x-ray fluarcs-
cence analysis (XRFA} is one NDA techniguc that
can lulfill corcentration measurement requirements
for criticality munnurmhmvenlory control and
accountability purposes.

1n this application of XRFA, the atoms of U
and Pu within a solution sample are (luoresced, and
their concentrations ate determined from the
measured i of the ch istic x rays. We
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use radicactive Co-57 (haiflife « 279d) which emits a
122.05-keV gamma ray to OD(im:I!y (luoresce U (Kab
= 115.59 keV) lnd Pu (Knb « 12872 keV) K 7 rays
The sti i K x rays are
detected by a collimated mgh-p\mn getmanium
(HPGe) detector. From the measured x-ray intensities
we can determine the concentrations of U or Pu in
the solutioh sampie.

The abserved x-ray inteansitics are not only
dependent on the abundance of the U or Pu in the
umplc But aho depend on the str2ngth of lhe

the ar ion of the
fluorescad radiations by the sample itscit (sample
self-attenuation), and the »-ray detection efficiency.
The strength of the excitiag ragdiation and the
detection efficiency are (actors that can be
determined by calibration of the instrument.

and

Altenuations of the exciting and fluorescad
radiati are d on the ction of the
U or Pu (n the solution and the solution matrix, thus
the fluoresced x-ray intcnsities are not directly pro-
portiaael ta the concentration of the U or Pu atoms,
especially at higher actinide concentrations. A
calibration procedure to determine this nonlinear
Telationship requires at least six sclution siandards
with uranium or plutonium conceatrazions that span
the concentration range of interest, and that are
chemicaily similar (acid molarity, ¢tc.) 1o the solutions
to be measured. The resulting calibration curve
would most correctly determiae uranium or plutonium
conceatrations for sofution matrices similar to the
standards, but may not =-cessarily determine
accurately the U ar Py concentrations in o.her
solution matrices.

The presence of any clements in the solutions
to be measured that are Jifferent from :hose in the
calibration solutions may compromijse the validity of
lhe calibratian curve. Because the repracessing

istry cannot be con exactly, the unknov.n
efCects af attenuation by the solution matrix must be
evaluated for ench individual mcasurament. To
determine the attenuation of the solution matrix we
have developed 2 method to measure transmissions
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shrough the solution 3t two different energies, which
allows us to accurately correct the x-ray intensities
for sample self-attenuation. This new methad offers
two dramatic imp; First, i1 elimi the
gesd 1o prepare calibration standards that are
chemically similar to the process stream and product
storage 1ank samples. Second. it reguces the pumber
of standards required to fully calibrate an XRFA
system over the entirc range of concentrations to be
mcasured.

Ia the fallowing we describe the formulation
e2nd methodology of this new method, and report and
discuss results obtained on uranium and plutgnivm
solurion standards with concentrations ranging from )
1o 250 g/t

TRANSMISSION-CORRICTION FORMULATIONS

To undersiand the cffects of sample self-
attenuation in XRFA, consider the follow:ng for a
planar sample of thickness x and o far-field geometry
(i.c., the dimensions of the detector and sampic
thickness are small compared 10 the distance

between them, so l/Y2 effects may be ignored) as
shown in Fig. 1. As the cxciting gamma rays pcnetrate
the solution their strength is attenvaied by the
solution due 10 scattering of the gamma rays and the
photoelectric effect which gencrally produces the x
reys of interest. Consequently, the flux of exciting
gamma rays is not as great at the rear of the sample
cell as i1t is at the front. Ia fact, for very con-
centrated solutions, atoms of uranium or plutonium at
the rear of the cell “see” very little of the exciting
gamma rays. The x rays produced by the exciting
Ramma rays are also attenuated by the solutian, ie.
the x rays produced at the rcar of the cell do net
escape as easily towards the detccior as those
produced at the {ront of the cell. The result is 1hat
the observed uranjum Jr plutonium x-ray intens.ty 1s
ngt lincarly related to the uraaium or plutoniym
concentration; and furthermore will depend on the
solution matrix constituents.

The intensity of the detecied U or Pu x rays. L.
. 3
is related ta the U or Pu concentration, C, by
1 = AeCF{TpC it
whele A is dependent oo the strength of the :x:ilir’g
radiation, the sample volume Ttuoreseed, the dere:_uon
efficiency of the U or Pu x rays: and A is determined

by calibration. The correction factor, CF(T), for
sample sclf-atrenuation is given by

CF(T) = -(1-T)/InT. 2

T is dependent on the absorptions of the exciting and
fluorcsced radiations and may be expressed as

T = exp '(Fé "l‘d)"' 3)
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Fig. | Schematic view of an XRFA measure-
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which 1/Y* elfects may be ignored.

where a, and Hy are the linear ancnuation
coefficients of the sample at the exciting {122.05-keV)
and detected (98.4- or 103.7-ke V) pholon

energies, E: and Ed. respectively. Because T:-

expy % and Td' €xXp <4yx are the transmissions
through the solution at these encrgies. T = Tch

may be determined by measucing the transmissions
Te and Td. Consequently, CF({T) can be

determined for cach solution by measuring Tr and
Td for that solunion. If the x-ray imerpsiny 1, CFiT),
and A are known, we can determinc 1he uranjum or
plutonium concentration [rom Eq ! The parameter
A is determined by calibration of the instrument with
a solution of Kpown concentration In principle, the
calibration could be done with a single standard

solutios {more are preferable Tor verification), and it
is of changes (n the solution matrix,

The transmission ‘.‘e is dctermined by using a

Co-57 transmission source. Our answer (o measuring
the value of Td at the energy of cither the uranium

or plutonjum Kn! x rays is to use Gd-153 as an
ndditional transmission source. 1t has gamma rays at
97.4- and 103.2-keV that are nearly ideally suited for
derermining the transmission Td through the

solution near the Kaf encrgies of urznium and
plutonium (see Fig. 2). It is also nearly ideal because
the hat! "ife of Gd-153 (240 days) is sufficient)y close
1o that of Co-57 {270 days) so that the two isotdpes
may be placed on the same source mounting and
replenished at the same bime.
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{ alloy). Cadmium or rhodium and copper
lincrs on the surfaces of the heavimet shielding
attenuate lead or tungsten x rays excited by the
source gamma rays.

The HPGe detector (200 mm”) had a 13 mm
active depth to maximize the i00 keV efficiency.
The detector resvlution was 500 eV at 122 keY. The
diameter of the collimator used to erduce gamma-ray
interactions 3. the edges af the detector (16mm
diameter) is 0 mm. The length of the collimator i
4.5 em and the center of the sample ceit is 9.1 cm
from the {ront of the detector.

Two shutters are controlled by computer using
pressurized-air 3. 5 thick

shutter nearest the sample cell is used to eclipse the
exciter sources so that the transmissjon intensities and
the natural radioactivity gamma emissions from
plutunium solutions can be measured. The shuter
nearest the deteetor is 1.0-mm-thick rkodium and is
inserted into the collimator to attcnuate the intensc
59.53-keV radiation Crom Am-241, if it is present in
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Fig. 2 Partial uranium and plutogium x-ray

spectra showing the positions of
the Gd-153 gamma rays relative to the U and
Pu Kal x rays.

Thus, the absarption ¢ffects on the exciting
and fluoresced radiations may be determinzd by
measuring the transmissions Tc and Td' To deter-

mine transmissions Tc and Td through the salution

being assayed, it is necessary to measure the inten-
sities of the 122.0-, 974- and 103.2-keY gamma rays
through the cell when it is empty; and then, measure
their transmisted intensitics through the solution
being MMuoresced. The empty cell transmission
measurement does not have to be performed for cach
individual assay, but can be done periodically; and
then decay correct the measured empty-cell inten-
sities to the time of the current assay for deter-
mination of the transmissions T, and Ty

EXPERIMENTAL EQUIPMENT AND PROCEDURES

We tested this formulation by making measure-
ments of both uranium and plulonium solutions using
the hardware diagrammed in Fig. 3. Twe 15-mCi
{when new) Co-57 sources are ollimated to irradiate
the so!ution in a 2.5-cm-diameter by 3.0-cm-high
stainless steel cell, Because Co-57 emits 570- and
692-keVY gamma rays with branching iniensities of
about 0.16%, as well as others, their intensities are
shielded from the detector by 37 mm of heavimet
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an ssive amount.

A third source contisting of two millicuries
(when new) cach of Co-57 and Gd-153 is housed 10 3
hollow tantalum collimater. A 0.8-mm exit hole in 2
lead-rhodium-srainless stcel face plase located 12.5
mm {rom th: source activities allows the 97.4-. 103.2-
and 122.05-keY gamma rays of interest to pass
through the solurion into the detector. It is important
that the transmission gamma rays are well collimated
and that they pass througt the center of the sample
ceil. This is nccessary to give a well-defined path
length for the gamma rays through the solution in
order to accurately determine the linear attenuation
coclficients for the solution at the appropriatc
energies.

To calculate CF(T) from the measured valucs
of Te and Td for the system diagrammed in Fig. 3,

the inverse square dependente must be inciuded in
the integral expressions that physicaily describe the
situation. The resulting exprestions cannot be
integrated in terms of elementary lunctions as they
were for the physical gevmetry that led to Eq. 2; and
instcad, numegical intcgration micthods must be used.
A 3-dimensional numerical integration code was
obtained {rom the avthor of reference 4 and modilicd
for our particular sitwation. The original code was
developed to calculate sell-attcnuation cffects on
gamma- or x-rays emitted from a sample. We
modified it to also include the attenuation of the
exciting gamma rays as they penetrare the solution.

The calculations are basically a problem in
geometry that requires determination of distances and
path lengths for the exciting gamma rays and the
fluorcsced x rays. These must be calculated For many
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Fig. 3 Schematic top view of the XRFA ccll
used to evaluate transmission-corrected x-ray
fluorescence measurements on uranium and
pivtonium solutions.

different paints jn the solution volume. In our
calculations, we divided 1he sample cell ino 30
volume ¢lements. For cach volume element the code
calculates the prabability of an exciting gamma ray
reaching the element from the exciter sourcs and the
probability of an x-ray reaching the detector fram
that particulac clement. The sum of the product of
these probabilities determines CF(T) or the correction
to the observed x-ray intensity. The probabilities are
calculated using the linear aitenuation coefficients
determined from the measured values for T_ and

T, and the calculated path lengths in the sdlution
for the zorresponding ghmma or X TaYyS. The lincar
attenuation coefficients are determined by using the
expressigns ¢ = In(T_}/x and by In(T )/x
where x is the path 1Ength thrdugh the'inmple cell for
the transmission gamma rays.

The detector is modeled as an infinicely thin,
disc detector centered 6mm behind the rear of the
collimator. This permiis the calcalations to rake into
account the fact thal some x rays are (lvoresczd in
places within the sample cell where oniy a portion of
the detector is seen through the coilirmator. The
efficiency of the "dctector” is assurted to be inde-
pendent af where or at what angle the x rays strike
it. These calcutations must be dene for each analysis
and take approximately | minute on a DEC

MicroVAX [ for IOS volume elemecnts.
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EXPERIMENTAL RESULTS

Measurements were made on both pure
uranium and plutonium aitsate (6M) solutions ranging
in concentration from 1 g/l to 250 g/t At 10 and 50
gU/1, solutions of 1.3,7 and 9 acid molarity were also
made. Solutions with concentrations of 20 g/) of
plutonium were made at several molaritics as well as
two solutions that sncluded trace amaunts (<IM) of Al
and KF ions,

For all solutions bath an active fluorescence
Spectrym and a passive (exciter-source shutter closed)
spectrum were taken. The gamma-ray transmission
intensities were determincd rom the passive measure-
ments. For the plutonium measurements the passive
spectra were also subtracted from the active spzctra
to remove the interferences thar occur from the
natural plutonitnm gamma radiations. The trans-
mission Intensities were decay correcied to the time
of the Jast empty cell measurcment for delerminacion
of Te and T;. All x- and gamma-ray peaks of

interest in the spectra wers it vsing a peak-fitting
code thas includes a Gaussian function, a Lorentzian
profile for x rays, short-ierm tailing, and a back-

ground :Igorilhms Peak-shape parameters are
determined for the detector from strong singlet
gamma-ray peaks. Once defined, they remain
constant and oniy the Gaussian FWHM, pcak positions
and heights are variables in the litting process.

Results fzom these measurements are
summarized in Tabies | and 2. Listed are the con-
centrations of the uranium or plutonium solutions
(col. 1), the valucs of A determined at cach
concentration (col. 2), and the percent relative
standard deviation (one sigma) on cach valuc of A
{col. 3). From Eq. ) wec would expect A to have the
same value at each cancentration, if the carrection
Tactor, CF(T), is determined proocrly at cach con-
centration. The results in Tables ) and 2 show A to
be constant 1o better than 0.5% for cach clement. The
value of A differs between the rwo sets of dara,
because different sets of exciter sources wers used fo
the two separate experiments.

The errors on the calibration constant, A,
2iven in col. 3 of Tables | and 2 represent the
statistical uncertaintics in the Kal intensitics and the
ecrors in CF(T) which are duc to the statistical
uncertainties in the transmission tntensities. An error
of 0.2% on TC-QIEZ‘ and an error af 0.3% on

Td-o.aws resull in an errns of 0.13% on

CF(T)=2.345. These vaiues are representative of a 120
g Pu/l solution. The measurement precisions on the
Kal and transmission intensities have a reciprocal
relationship as a funchion of concentration for a
lixed counting time. We sce that as the concentration
increases the Kal statistical uncertainty will kmprave,
but the transmission intensity statistica! precisions
will get warse. Cansequently, toial counting times




(active + passive) ill need to be nearly the sawne (ar
all solution concentrations for 3 desired precision.

Table I. Measurcd calibration constant, A, at various
uranium concentrations determined from the uranium
Kal intensity and transmission values at 122-kev a0d

97.4-icV.
Conc. of U

&l {error)
240.95(23}
178.78(16)
104.96(16)
52.67(1)
21.230(4)
10.560(4)
5.333(2)
2.143(1)

Weighted mean=

Tabie 2. Measured <2

Calibration

10.662
10.659
10.613
10.584
10.549
10.650
10.645
10.699

10619
10.623 « 0.42%

Error A

0.17
0.18
0.16
0.16
Q.18
0.20
0.25
0.30

libration constant, A, at various

plutonium concentrations d:t:rmine{i f_rom the
plutonium Kal intensity and transmission values at
122-kev and 103.7-keV.

Conc. of Pu
er
238.952(359)
178.295(196)
119.540(121)
41.947(87)
19.804(41)
10.947¢38)
5.158(11)
1.774(4)

_0.995(2)

Weighted meane

Calibration
1t

14.008
14,074
14.032
13950
13.928
14023
13964

14.089
3

14.015 4 0.40%

Error A
% (1}

0.21
0.23
0.2t
0.25
03
Q.35
0.42
0.51

The corrections to the Kal x-ray intensities for
sample self-attenuation as given by CF(T) 1anged

{rom 40% at | g/1 to 246% at 240 g/l

On the left

ordinate axis of Fig. 4 arc platted the values of the
calibration constant, A, determined from the
plutonium solution standards. Figure 4 shows how
1/CF(T) plotted on the right ordinare axis varies as a

function of plutonium concentration.

In Table 3 we show the concentration results

on

with

varying acid concentrations.

The uraniem solutions

had concentrations of 10 and $0 g/l and nitric acid
molarities of 1, 3, 7and 9 M. While the Kal x-rav
intensity varied by alnost 5% rur the 10 g/l solctions,

the wranium

0.45%. P

varied by anly
ations of 20

with
g/1 and varying acid molarities and trace impuritics

behaved similarily.
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Fig. 4 A plot of the calibration constant, A,
(left axiy) -nd ulua for 1/CF(T) (right axis)
versus ion conce iors.

Table 3. Measured concentrations for uranium and
plutonium solutions of with vmryAing acid
concentrations and trace impurities.

Uranium Acid/Trace Measured

i sonc. + (1)
10.04(03) M 10.02 £ 0.G5
10.04(03) IM 10.03 £ 0.05
10.04(03) ™ 10.05 » 005
10.04(03" 9M 10.06 = 0.05
50.18(15) IM
50.18(1%) M
50.18(15) 7™M
50.18(15) IM
Plutanivm

s

19.993(26) I'M 20036 +0.101
20.040(25) iM 20.027 £C.095
20.001(28) 9M 19.995 +£0.089
20.u11{25) .04M KF 19978 +0.097
20.009(23) 33IM Al(N03)3 (9.944 +0.094

1CF(T)



SUMMARY

We have demonstrated 2 method to correct the
observed fl d x-ray in ities “rom i
and plutonium solutions for sample self-attenuation
by measuring transmissions through the solution at
the exciting energy and ar energies near those of the
flyoresced radiations. In a reprocessing faciiity,
where the pr i hemistry cannot be 1
cxactly, this methad of{ers assurance that the con-
centration results from nondestructive x-rgy
Fluorescence analyses will be independent of changes
in the salution matrix. The method is nondestructive
and requires no mcdification to previouslv developed
x-ray fluorescence analysis mcasurement nardware,
but requires an additional transmission source and
some modifications (o the analysis software. The
combinazion of Co-57 and Gd-153 (or transmission
measurements is nearly ideal for several reasons. The
97.4- and 103.2-keV gamma rays Mrom Gd-153 are
sufficiently close in ensrgy to the Kal x rays of
uranium and plutoniu.n so thai there is very little
error in determining the artenuation affects on these
x rays with the transmission measurements of the
Gd-153 gamma rays. In addition, the 240-day halflife
cf Gd-153 is sufficiently cloze to the 270-day halflife
of Co-57, 50 that both isotopes may be placed ca the
same souree mounting and replenished at the same
thne.

Finally, because the transmission-correction
method requires, in principle, only one solution
standard [or calibrating an x-ray fi tence
analysis syste.n, considcrable savings in time and
money are realized by reducing toe number of
standards that need 10 be prepared and meassred.
This modification ta the x-ray Muorescence analysis
technique should prove to be very cost effective znd
useful in nuciear fuel cycle facilities that utilize
XRFA for process control and accountability
requirements.

This work was perfarmed under the auspices of the
US. Departmens: of Energy by Lawrence Livermare
National Laboratory under contracr

No. W-7405-Eng-43
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