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The energy-dispersive x-ray fluorescence analysis 
(XRFA) technique has been implemented at several 
spent nuclear fuel reprocessing facilities for 
nondestructive measurements of uranium and/or 
Plutonium concentrations in process streams and 
product storage tanks. An important factor in these 
quantitative measurements is the absorption of (he 
fluoresced x-rays by the solution matrix, which must 
be tdken into account to accurately quantify the U or 
Pu concentrations. We describe a new, accurate 
method using a dual transmission source of Gd-153 
and Co-57 to correct for matrix effects. Results of 
measurements on uranium and piuionium solution 
standards show the methodology to be better than 
0.5%, which includes statistical precision, over the 
concentration range from I to 2S0 g/l. 

use radioactive Co-57 (halflife -• 270d) which emit? a 
122.05-keV gamma ray to optimally fluoresce U (Kab 
- 115.59 keV) and Pu {Kab - 121.72 k«Vl K x rays 
The stimulated uranium or ptutonium K x rays are 
delected by a collimated high-purity germanium 
(HPCe) detector. From the measured x-ray intensities 
we can determine the concentrations of U or Pu in 
the solution sample. 

The observed x-ray intensities are not only 
dependent on the abundance of the U or Pu in the 
sample, but also depend on the strength of the 
exciting radiation, the attenuation of the exciting and 
fluoresced radiation; by the sample itscit (sample 
self-attenuation), and the x-ray detection efficiency 
The strength of the exciting radiation and the 
detection efficiency are factors that can be 
determined by calibration of the instrument. 

INTRODUCTION 

Some nf the many requirements in nuclear fuel 
reprocessing ..cilities are process control and nuclear 
materials accountancy information. Process streams 
must be monitored to regulate stream concentrations 
and to satisfy criticality safety conditions. These 
requirements involve the determination of uranium 
(L) or plutonium (Pu) elemental concentrations 
throughout the facility Precise and accurate ac­
countability measurements of the U or Pu concentra­
tions in product storage tank solutions are also 
needed. These measurements cin be done practically 
and economically using nondestructive analysis 
(NDA) techniques. Energy dispersive x-ray fluores­
cence analysis (XRFA) is one NDA technique that 
can fulfill concentration measurement requirements 
for criticality monitoring^inventory control and 
accountability purposes.' 

In this application of XRFA, the atoms of U 
ana Pu within a solution sample arc fluoresced, and 
their concentrations are determined from the 
measured intensities of the characteristic x rays. We 

Attenuations of the exciting and fluoresced 
radiations are dependent en the concentration of the 
U or Pu in the solution and the solution matrix, thus 
the fluoresced x-ray intensities are not directly pro­
p o r t i o n ! to th« concentration of the U or Pu atoms, 
especially at higher actinide concentrations. A 
calibration procedure to determine this nonlinear 
relationship requires at least six solution standards 
wiih uranium or pljtonium concentra:ions that span 
the concentration range of inictest, and that arc 
chemically similar (acid molarity, etc.) to the solutions 
to be measured. The resulting calibration curve 
would most correctly determine uranium or plutonium 
concentrations for solution matrices similar to the 
standards, but may not -.-cessarily determine 
accurately the U or Pu concentrations in o.her 
solution matrices. 

The presence of any elements in fhe solutions 
to be measured that are different from :hose in the 
calibration solutions may compromise the validity of 
the calibration curve. Because the- reprocessing 
chemistry cannot be controlled exactly, the unknown 
effects of attenuation by the solution matrix must be 
evaluated for ench individual measurement. To 
determine the attenuation of the solution matrix we 
have developed a method to measure transmissions 



through the solution at iwo different energies, which 
allows us to accurately correct the x-ray intensities 
for sample self-attenuation. This new method offers 
two dramatic improvements. First, il eliminates the 
Dc;d 10 prepare calibration standards that are 
chemically similar to the process stream and product 
storage tank samples. Second, it reduces the number 
of standards required to fully calibrate an XRFA 
system over the entire range of concentrations to be 
measured. 

In the fallowing we describe the formulation 
and methodology of this new method, and report and 
discuss results obtained on uranium and Plutonium 
solution standards with concentrations ranging from I 
to 250 8/1. 
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TRANSMISSION-COBRTCTION FORMULATIONS Y » X 

To understand the effects of sample self-
attenuation in XRFA, consider the following for a 
planar sample of thickness x and a far-field geometry 
(i.e., (he dimensions of the detector and sample 
thickness are small compared to the distance 

between them, so 1/Y effects may be ignored) as 
shown in Fig. 1. As the exciting gamma rays penetrate 
the solution their strength is attenuated by the 
solution due to scattering of the gamma rays and the 
photoelectric effect which generally produces the x 
rays of interest. Consequently, the flux of exciting 
gamma rays is not as great at the rear of the sample 
cell as it is at the front. In fact, for very con­
centrated solutions, atoms of uranium or plutonium at 
the teat of the ceil "see" very little of the exciting 
gamma rays. The x rays produced by the exciting 
gamma rays are also attenuated by the solution, i.e. 
the x rays produced at the rear of the cell do net 
escape as easily towards ihc detector as those 
produced at the front of '.he cell. The result is that 
the observed uranium n plutonium x-ray miens.ty is 
not linearly related to the uranium or plutonium 
concentration; and furthermore will depend on the 
solution matrix constituents. 

The intensity of the detccicd U or Pu x rays. I. 

is related to the U or Pu concentration, C, by 

I - A«CF(TKT (1) 

whcie A is dependent on the strength of the ed i t i ng 
radiation, the sample volume fluoresced, the detection 
efficiency of the U or Pu x rays; and A is de:crmined 
by calibration. The correction factor. CF(T), for 
sample self-attenuation is given by 

CF(T}- - ( l -T ) / l nT . (2) 

T is dependent on the absorptions of (he exciting and 
fluoresced radiations and may be expressed as 

T - cxp - ( ^ + ^ d ) x , 

Fig. I Schematic view of an XRFA measure­
ment with a Tar-field, planar geometry in 
which 1/Y effects may be ignored. 

where u and / i are the linear attenuation 
coefficients of the sample at the exciting M220S-keV) 
and detected (98.4- or 103.7-heV) photon 
energies, E and E . . respectively Because T -
exp-^i x and T - exp -u.x are the transmissions 
through the solution at these energies. T « T T 
tnay be determined by measuring the transmissions 
T and T . . Consequently, CF(T) can be 
determined for each solution by measuring T and 
T for that solution If the x-ra> inter*stt\ I. CFlTi. 
and A are known, we can determine ihe uranium or 
plutonium concentration from Eq I The parameter 
A is determined by calibration of (he instrument wnh 
a solution of known concentration In principle, the 
calibration could be done with a single standard 
solution (more are preferable for verification), and it 
is ^dependent of changes in the solution matrix. 

The transmission T is determined by using a 

Co-5? transmission source. Our answer to measuring 
the value of T , at the energy of either the uranium 
or plutonium Kill x rays is to use Gd-153 as an 
additional transmission source It has gamma rays at 
97 4- and I03.2-keV that are nearly ideally suited for 
determining the transmission T through the 
solution near the Kai energies of uranium and 
Plutonium (see Fig. 2). It is also nearly ideal because 
the half ifc of Gd-153 (240 days) is sufficiently close 
to that of Co-57 (270 days) so (hat the two isotopes 
may be placed on the same source mounting and 
replenished at the same time. 
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Fig. 2 Partial uranium and plutonium x-ray 
fluorescence spectra showing the positions of 
the Gd-153 gamma rays relative to the U and 
Pu Ka\ x rays. 

Thus, the absorption effects on the exciting 
and fluoresced radiations may be determined by 
measuring the transmissions T and T .. To deter­
mine transmissions T and T . through the solution 

c d ° 
being assayed, it is necessary to measure the inten­
sities of the I22.0-, 97.4- and 103.2-keV gamma rays 
through the cell when it is empty; and then, measure 
(heir transmitted intensities through the solution 
being fluoresced. The empty cell transmission 
measurement does not have to be performed for each 
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 T . 

EXPERIMENTAL EQUIPMENT AND PROCEDURES 

We tested this formulation by making measure­
ments on both uranium and pluionium solutions using 
the hardware diagrammed in Fig. 3. Two 15-mCi 
(when new) Co-57 sources are uollimated to irradiate 
the solution in a 2.5-cm-diaraeter by 3.0-cm-high 
stainless steel cell. Because Co-57 emits 570- and 
692-keV gamma rays with branching intensities of 
about 0.169b, as well as others, their intensities are 
shielded from the detector by 37 mm of heavimet 

(tungsten alloy). Cadmium or rhodium and copper 
liners on the surfaces of the heavimei shielding 
attenuate lead or tungsten * rays excited by the 
source gamma rays. 

The HPGe detector (200 mm 1 had a 13 mm 
active depth to maximize the iOO keV efficiency. 
The detector resolution was 500 eV at 122 keV. The 
diameter of the collimator used to reduce gamma-ray 
interactions ai the edges of the detector (16mm 
diameter) is 10 mm. The length of the collimator is 
4.5 cm and the center of the sample celt is 9.1 cm 
from the front of the detector. 

Two shutters are controlled by computer using 
pressurized-air actuators. A 2.5-mm'thick tungsten 
shutter nearest the sample cell is used to eclipse the 
exciter sources so that the transmission intensities and 
the natural radioactivity gamma emissions from 
plutoniura solutions can be measured. The shuiicr 
nearest the detector is I.O-mm-thick rhodium and is 
inserted into the collimator to attenuate the intense 
59.53-keV radiation from Am-24I, if it is present ;n 
an excessive amount. 

A third source consisting of two mil lieu ties 
(when new) each of Co-57 and Gd-153 ii housed in a 
hollow tantalum collimator. A 0.8-mm exit hole in ? 
lead-rhodium-siainless steel face plate located 12.5 
mm from the. source activities allows the 97.4-. 103.2-
and 122.05'keV gamma rays of interest to pass 
through the solution into the detector. It is important 
that the transmission gamma rays are well collimatcd 
and that they pass through the center of the sample 
ceil. This is necessary to give a well-defined path 
length for the gamma rays through the solution in 
order to accurately determine the linear attenuation 
coefficients for the solution at the appropriate 
energies. 

To calculate CF(T) from the measured values 
of T and T . for the system diagrammed in Fig. 3, 
the inverse square dependence must be included in 
the integral expressions that physically describe the 
situation. The resulting expressions cannot be 
integrated in terms of elementary functions as ihcy 
were for the physical geometry that led to Eq. 2; and 
instead, numerical integration methods must be used. 
A 3-dimensional numerical integration code was 
obtained from the author of reference 4 and modified 
for our particular situation. The original code was 
developed to calculate self-attenuation effects on 
gamma- or x-rays emitted from a sample. We 
modified it to also include the attenuation of the 
exciting gamma rays as they penetrate the solution. 

The calculations are basically a problem in 
geometry that requires determination of distances and 
path lengths for the exciting gamma rays and (he 
fluoresced * rays. These must be calculated for many 
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Fig. 3 Schematic top view of the XRFA cell 
used to evaluate transmission-corrected x-ray 
fluorescence measurements On uranium and 
Plutonium solutions. 

EXPERIMENTAL RESULTS 

Measurements were made on both pure 
uranium and plutonium nitrate <6M) solutions ranging 
in concentration from 1 8/1 to 250 g/t Ai 10 and 5t> 
gU/I, solutions of 1.3,7 and 9 acid molarity were also 
made. Solutions with concentrations of 20 g/l of 
Plutonium were made at several molarities as well as 
two solutions that included trace amounts (<IM) of AI 
and KF ions. 

For all solutions both an active fluorescence 
spectrum and a passive (exciter-source shutter closed) 
spectrum were taken. The gamma-ray transmission 
intensities were determined from the passive measure­
ments. For the plutonium measurements the passive 
spectra were also subtracted from the active spectra 
to remove the interferences that occur from the 
natural plutonium gamma radiations. The trans­
mission intensities were decay corrected to the time 
of the last empty cell measurement for determination 
of T and T r f . All x- and gamma-ray peaks of 

interest in the spectra were fit us in s a peak-fitting 
:ode that includes a Gaussian function, a Lorcntsian 
profile for x rays, short-term tailing, and a back­
ground algorithm. Peak-shape parameters are 
determined for ths detector from strong singlet 
gamma-ray peaks. Once defined, they remain 
constant and only the Gaussian FWHM, peak positions 
and heights are variables in the fitting process. 

different points in the solution volume. In o u r $ 

calculations, we divided the sample cell into 10 
volume elements. For each volume element the code 
calculates the probability of an exciting gamma ray 
reaching the element from the exciter »ourc= and the 
probability of an x-ray reaching the detector from 
that particular element- 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 attenuation coefficients 
determined from the measured values for T and 
T . and the calculated path lengths in the solution 
for the corresponding gamma °- * r a v s - T n e l i n e a r 

attenuation coefficients are determined by using the 
expressions ^ • ln(T >/x and ^ d - ln(T.) /x 
where x is the path length through thelample cell for 
the transmission gamma rays. 

The detector is modeled as an infinitely thin, 
disc detector centered 6mm behind the rear of the 
collimator. This permits the calculations to take into 
account the fact that some x rays arc fluoresced in 
places within the sample cell where oniy a portion of 
the detector is seen through the collimator. The 
efficiency of the "detector" is assumed to be inde­
pendent of where oi at what angle the x rays strike 
it These calculations must be dene for each analysis 
and rake approximately 1 minute on a DEC 
MicroVAX II for 10 volume elements. 

Results from these measurements are 
summarized in Tables I and 2. Listed are the con­
centrations of the uranium or plutonium solutions 
(col. 1), the values of A determined at each 
concentration (col. 2), and the percent relative 
standard deviation (one sigma) on each value of A 
(col. 3). From Eq. I wc would expect A to have the 
same value at each concentration, if the correction 
factor, CF(T), is determined prooerly 3t each con­
centration. The results in Tables I and 2 show A to 
be constant to better than 0.5% for each element. The 
value of A differs between the two sets of data, 
because different sets of exciter sources wer; used foi 
the two separate experiments. 

The errors on the calibration constant. A, 
given in col. 3 of Tables I and 2 represent the 
statistical uncertainties in the Kal intensities and the 
errors in CF(T) which are due to the statistical 
uncertainties in the transmission intensities. An error 
of 0.2% on T -0.1824 and an error af 0.3% on 

T.-0.3943 result in an errr,, of D.Wti on 
CF(T)-2.345. These values are representative of a 120 
g Pu/1 solution The measurement precisions on the 
Kol and transmission intensities have a reciprocal 
relationship as a function of concentration for a 
fixed counting time. We sec that as the concentration 
increases the Kol statistical uncertainty wiU improve, 
but the transmission intensity statistical precisions 
will get worse. Consequently, total counting times 
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(active + passive) -will need to be nearly the same far 
all solution concentrations for a desired precision. 

Tablr I. Measured calibration constant. A, at various 
uranium concentrations determined from the uranium 
Kal intensity and transmission values at 122-kev and 
97.4-!;eV. 

Cone, of V Calibration Error A 
g/l (error) constant . A %l\ ) 

240.95(23) 10.662 0.17 
178.78(16) 10.659 O.lt 
104.96(16) 10.613 0.16 
52.67( 1) 10.584 0.16 
21.230(4) 10.549 0.18 
10.560(4) 10.650 0.20 
5.333(2) 10.64S 0.25 
2.143(1) 10.699 0.30 

_ l .099(3) 10.619 0.50 
Weighted mean- 10.623 + 0.42% 

Table 2. Measured calibration constant. A, at various 
Plutonium concentrations determined from the 
Plutonium K.a| intensity and transmission values at 
122-kev and 103.7-keV. 

Cone, of Pu Calibration Error A 
f/1 (error) constant. A % ( l 1 

238.952(356) 14.008 0.21 
178.295(19li) 14.074 0.23 
119.540(121) 14.032 0.21 
41.947(87) 13.950 0.25 
19.804(41) 13.988 031 
10.947(38) 14.023 0.35 
5.158(11) 13.964 0.42 
1.774(4) 14.089 0.51 
0.995(2) 13.922 1.00 

Weighted mean* 14.015 ±0.40% 

The corrections to the Kal x-ray intensities for 
sample se I f-a Herniation as given by CF(T) langed 
from 40% at I g/I to 246% at 210 g/l. On the left 
ordinate axis of Fig. 4 are platted the values of the 
calibration constant. A, determined from the 
Plutonium solution standards. Figure A shows how 
1/CF(T) plotted on the right ordinate axis varies as a 
function of plutonium concentration. 

In Table 3 we show the concentration results 
obtained on uranium and plutonium solutions with 
varying acid concentrations. The uranium solutions 
had concentrations of 10 and 50 g/l and nitric acid 
molarities of 1, 3, 7 and 9 M. While the Kal x-rav 
intensity varied by al iiost 5% for the 10 g/l solutions, 
the measured uranium concentration varied by only 
0.4%. Plutoniur.i solutions with concentrations of 20 
g/l and varying acid molarities and trace impurities 
behaved similarily. 

Concentration (y Pu/1) 

Fig. 4 A plot of the calibration constant, A, 
(left axis) and values for 1/CF(T) (right axis) 
versus plutonium solution concentrations. 

Table 3. Measured concentrations for uranium and 
Plutonium solutions of with varying acid 
concentrations and trace impurities. 

Uranium Acid/Trace Measured 
Mine, a/1 Ulnlantv cone. + 11 ) 
10.04(03) 1 M 10.02 ± 0.05 
10.04(03) 3 M 10.C3 ± 0.05 
10.04(03) 7 M 10.05 ± 0.05 
10.04(03' 9 M 10.06 ± 0.05 

50.18(15) I M 50.00 ± 0.23 
50.18(15) 3 M 50.19 + 0.22 
50.18(15) 7 M 50.28 I C.22 
50.18(15) 9 M 50.25 • 0.24 

Plutonium 
enqc, fl.'l 
19.993(26) 1 M 20 036 +0.101 
20.040(25) 3 M 20.027 -.0.095 
20.001(25) 9 M 19.995 ±0.089 
20.011(25) .04M KF 19.978 +0.097 
20.009(25) .33M AKNO-), 19.944 +0.094 



SUMMARY 

We have demonstrated a method to correct the 
observed fluoresced x-ray intensities "rom uranium 
and plutonium solutions for sample self-attenuation 
by measuring transmissions through the solution at 
the exciting energy and i t energies near those of the 
fluoresced radiations. In a reprocessing facility, 
where the processing chemistry cannot be controlled 
exactly, this method offers assurance that the con­
centration results from nondestructive x-ray 
fluorescence analyses will be independent of chaages 
in the solution matrix. The method is nondestructive 
and requires no medification to previously developed 
x-ray fluorescence analysis measurement hardware, 
but requires an additional transmission source and 
some modifications ,o the analysis software. The 
combination of Co-57 and Gd-!S3 for transmission 
measurements is nearly ideal for several reasons. The 
97.4- and I03.2-keV gamma rays from Gd-153 are 
sufficiently closr in energy to (he Kal x rays of 
uranium and plutoniu.n so that there is very little 
error in determining the attenuation 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 dose to the 270-day halflife 
of CD-57 , SO that both isotopes may be placed en the 
siime source mounting and replenished at the same 
time. 

Finally, because the transmission-correction 
method requires, in principle, only one solution 
standard Cor calibrating an x-ray fluorescence 
analysis syste.n, considerable savings in time and 
money are realijcd by reducing toe number of 
standards that need to be prepared and measured. 
This modification to the x-ray fluorescence analysis 
technique should prove to be very cost effective and 
useful in nuclear fuel cycle facilities that utilize 
XRFA for process control and accountability 
requirements. 

This work was performed under the auspices of the 
U.S. Dcpartmen; of Energy by Lawrence Livermorc 
National Laboratory under contract 
No. W-740S-Eng-4$ 
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