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HYBRID INSTRUMENT DEVELOPMENT FOR AN 
ANALYTICAL LABORATORY 

by 
S.-T. Hsue, M. Collins, R. Cole, 

J. Sprinkle, Jr., G. Walton 
M. Miyauchi, H. Okamoto, and S. Okazaki 

ABSTRACT 

We have been developing a hybrid densitometer for general laboratory 
application. This type of densitometer can be applied to concentration 
determinations of thorium, uranium, neptunium, plutonium, and americium. 
It can also be used to determine the ratios of any combination of these 
nuclear materials. This report describes the hardware and analysis 
approach. We will also describe some laboratory tests performed with the 
densitometer and present actual in-plant application results. 

I .  INTRODUCTION 

The Nuclear Fuel Cycle Safety Engineering Research Facility (NUCEF) is a new facility built 
at the Japan Atomic Energy Research Institute (JAERI). The purpose of NUCEF is threefold 
criticality safety studies, fuel reprocessing, and waste management. The criticality facilities include 
the Static Experiment Critical Facility (STACY) and the Transient Experiment Critical Facility 
(TRACY); both will be used to study solution fuels of uranium and plutonium. 

As part of a research cooperation between the US Department of Energy (DOE) and JAERI, a 
hybrid K-edge/K x-ray fluorescence densitometer (HKED) was developed and fabricated by Los 
Alamos National Laboratory (LANL). The purpose of the instrument is to perform accountability 
measurements of uranium and plutonium or mixed solutions found in NUCEF. This instrument 
will be used by NUCEF for routine analytical laboratory accountability assays as well as for 
inspection purposes of the International Atomic Energy Agency (IAEA). We are also developing 
another HKED system for the Plutonium Facility analytical laboratory at Los Alamos. 

The HKED has been in development for 10 years or more.'.* Most of the development is 
concentrated on the application of the technique to verify uranium and plutonium concentrations in 
reprocessing plant dissolver solutions. The method is successful in several in-plant applications 
and has become an important tool for safeguarding reprocessing plants. This report describes our 
efforts in the last few years to develop the technique for use in analytical laboratories. The major 
difference between the two applications is that in the light-water-reactor reprocessing plant, the 
dissolver solution has a fairly narrow range in its uranium-to-plutonium ratio (-loo), and the 
uranium concentration (200 - 250 g/l) is also narrow. In analytical laboratories, the situation is 
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different. The uranium and plutonium concentrations could vary from low (-10 g/l) to relatively 
high (-450 g/l). The uranium-to-plutonium ratio, therefore, may vary quite widely from 0.01 to 
100. There may be other special nuclear material (SNM) elements present in the samples. Because 
of these differences, some of the assumptions made for the dissolver solution are no longer valid. 
In the past several years we have developed a general HKED, which is not bound by the above 
limitations. 

This report describes the physics principles and software design of the hybrid system built 
for use in the analytical laboratory. We will also report on the mechanical design and finally the 
performance of the instrument both at Los Alamos during its development and also at NUCEF. 

11. MEASUREMENT TECHNIQUE 

The hybrid instrument combines two solution assay techniques-K-edge absorption 
densitometry (KED) and XRF-to determine concentrations of uranium, plutonium, and mixtures 
of the two elements in solutions.' The instrument employs the strengths of the two different 
techniques. KED has the advantage of relatively stable calibration; experience has shown that KED 
keeps its calibration for 4 to 5 years or longer. On the other hand, KED does not have wide 
dynamic range. In mixed solutions of uranium and plutonium, the minor isotope cannot be 
determined precisely by KED when the ratio exceeds 10. The reason is that KED is determined by 
absorption, and when the ratio exceeds 10, absorption due to the minor element is almost 
negligible. The XRF technique involves the excitation of uranium and plutonium atoms, and is 
better for determining the uranium-to-plutonium ratio. We have found that when the ratio is - 100, 
the minor element still can be determined to -1% or better. Therefore, the XRF technique has a 
better dynamic range than KED. In the hybrid system, KED is used to determine the concentration 
of the major isotope, and XRF technique is used to determine the ratios of SNM. 

The KED technique is relatively insensitive to matrix variations and is accurate to 0.2-0.3%. 
The technique measures the transmission of a tightly collimated photon beam through the sample; it 
is therefore quite insensitive to radiation emitted by the sample material. The technique is ideally 
suited to assay of the dissolver solutions as well as the uranium and plutonium product solutions of 
reprocessing plants. 

The mass attenuation coefficient of each SNM element is discontinuous at its K-absorption 
edge. The KED measures the transmission of x-rays at energies above and below that of the K- 
absorption edge. The purpose of the KED in this system is to measure the concentrations of the 
dominant SNM. Examples of spectra recorded by the K-edge detector in this system are shown in 
Fig. 1. The figure displays in logarithmic scale the spectral distribution for a blank (3 M HNO,) 
solution (reference spectrum) and from a uranium solution with 200 g/l concentration. There is a 
characteristic decrease of the photon transmission at the K-absorption edge of uranium (1 15.6 
keV). The height of the jump is a function of the uranium concentration. The background- 
subtracted assay spectrum divided by the background-subtracted reference spectrum, adjusted for 
the counting time difference, is the transmission at each channel. 
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Fig. 1. The top curve shows the reference spectrum. The bottom curve shows t h e  
sample spectrum from a uranium solution. The ratio of the sample spectrum to t h e  
reference spectrum gives the transmission of the solution. 

There are a few gamma- and x-ray peaks in the spectra of Fig. 1. The peaks at 22.10 keV 
and 88.04 keV come from the l09Cd source close to the detector. These peaks are used for the 
digital stabilization of the detector gain. 

Figure 2 shows the fitting region near the uranium edge. This plot shows the lnln(l/Q 
versus In@). The transmission can be determined at the boundary of the fitting region or at the K- 
absorption edge; the latter will give extrapolated assay results. The concentration can be 
determined by the equation: 

In[:) Ap d 
p(SNM) = 

where 
p (SNM) = concentration of the SNM in g/cc, 

A p  = difference of the mass absorption coefficients at the transmission energies, 
d = solution sample thickness, 

TI = transmission below the absorption edge, and 
Tu = transmission above the edge. 
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Fig. 2. The fitting region for  a single-element solution. The fitting regions are  
6-keV wide. The K-absorption-edge energy of the SNM is Ek. 

The KED can also be used to determine both the uranium and plutonium concentrations 
simultaneously, if the ratio does not exceed 8 to 1. For ratios exceeding 8 to 1, the XRF is a much 
more precise method to determine SNM ratios. Once the ratio is determined, the concentration of 
the minor isotope can be calculated from the ratio and the concentration of the major isotope. 

The purpose of the XRF measurement is to determine the ratios of SNM. Figure 3 shows a 
typical spectrum from a solution containing both uranium and plutonium. The broad "bump" of 
counts in the middle portion of the spectrum is due to inelastic scattering of the primary x-ray 
beam, the largest contribution of which comes from the scattering off the low 2 elements of the 
sample. 

The uraniudplutonium weight ratio can be determined from the measured net peak areas of 
the fluoresced U,, and PuKal: 

where 
A? = atomic weight of uranium and plutonium, 
Area = net peak area of the K,, x-rays, 
R ,  
RUIPu = calibration factor describing the ratio of excitation probabilities for emission of 

= relative detection efficiency curve, and 

UKa, and Pu,, x-rays in the primary beam. 



Fig. 3. 
uranium 
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The fluorescent spectrum from a sample containing a mixture 
and plutonium. 

o f  

A response peak fitting technique is used to determine the peak areas of the x-rays, taking 
into account the line broadening of the x-rays because of their intrinsic natural width. Peak fitting 
is important in cases where the uraniudplutonium varies over a wide range of values. 

111. INSTRUMENT CONFIGURATION 

Figure 4 shows the overall view of the hybrid system at Los Alamos. Figure 5 shows the 
system after it is installed at NUCEF. 

The design of the hybrid densitometer is shown schematically in Figs. 6 and 7; Figure 6 
shows the top view; Fig. 7 shows the side view. The heart of the design is the sample changer. 
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Fig. 5. The overall hybrid s y s t e m  
after it was installed at the analytical 
laboratory at NUCEF. 

The sample changer can accommodate a sample tray which holds up to six samples. The samples 
can be a 2-cm-path-length cell, 4-cm-path-length cell, or a mixture of both sizes. The sample tray 
is controlled by a "Compumotor" which in turn is controlled by computer. The absolute position 
of the sample cell can be reproduced to a standard deviation of 0.02 mm. The sample changer is 
housed inside square stainless steel tubing which is bolted onto the glove box. The sample cells 
can be observed during the movement or assay through a leaded glass viewport, as shown in 
Fig. 8. 

The x-ray tube is located outside of the glove box and irradiates the solution cells through a 
thin layer of stainless steel. The generator is in a tungsten housing (vertical cylinder shown on the 

Fig. 6. Top view of schematic design of the hybrid hardware system. 
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X-Ray Generator t l n s i d e  Glovebox -+ 
Leaded Glass Viewport 

\ Solutions Vials 

Motor Slide Extension 

I pig.  7. Side view of schematic design of the hybrid hardware system. 

right of Fig. 8), which reduces the radiation outside of the glove box to less than 2 mR/h. The x- 
ray beam shines through the collimator and the solution sample. The transmission beam is 
measured by the KED detector, shown on the left of Fig. 8. The XRF is measured by the XRF 
detector behind the x-ray tube. Figure 9 shows the sample tray in the loading position inside the 
glove box. 

There are several safety features built into the system. At the end of the sample tray, a 
tungsten piece is installed to minimize x-ray radiation and photon scattering into the glove box. 
When the sample tray is out of the tunnel and in the glove box, the x-ray generator is shut off and 
cannot be operated. Also, if the cooling system for the generator fails, the generator automatically 
shuts off. 

Fig. 8. Photograph of sample and sample 
tray in the x-ray beam. The v e r t i c a l  
cylinder on the left is the housing f o r  the 
x-ray tube. The horizontal tubing on t h e  
right is the KED detector. 

7 



Fig. 9. The sample tray in loading position inside the glove box. 

The x-ray machine is a Pantak Model HF-160 and can generate a 160 kV x-ray beam. It is 
highly stable and has precise repeatability. The generator is controlled by the system computer to 
the voltage and current desired. The voltage is set at 150 kV and the current is computer adjusted, 
depending on the sample, so that the counting rate is not excessive (>40,000 counts/s). A 
photograph of the generator is shown in Fig. 10. 

The electronic components consist of a detector, which feeds its signal into an amplifier; the 
amplified signal, in turn, is analyzed and stored by a multichannel analyzer. 

IV. ANALYSIS TECHNIQUE 

The measurement technique for KED was discussed earlier; KED analysis will now be 
examined in further detail. Recall from Eq. 1 that the density of a single element Z in a solution is 

Fig. IO. The cathode and p o w e r  
supply of the x-ray generator. 

I .-'. ....I 
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proportional to ln(TLEu). TL is the transmission of the x-ray beam through the solution at an 
energy below the Kedge; Tu is the transmission at an energy above the edge. If our detector had 
perfect resolution, we would see a sharp drop in T at the K-edge. We could obtain T, and Tu from 
channels adjacent to the edge, and substitution into Eq. 1 would yield ~(2). 

A real detector has limited resolution, however, creates a "rounded" K-edge in the spectrum. 
This rounding of the edge makes it impossible to measure TL and Tu in the immediate vicinity of 
the edge. Suppose is an energy just below, and F$ is just above, the rounded part of the K- 
edge. TL can be obtained by performing a least-squares linear fit on data in a region below E,, and 
Tu from data in a region above E,. A plot of T versus E would not be useful for such fits, because 
the function is not linear on either side of the edge. Because of the energy dependence of gamma- 
ray cross sections, a plot of lnln( l/T) versus ln(E) does result in a linear function on both sides of 
the K-edge (see Fig. 2). The Et intercept of the lower fit is used to calculate TL; Tu is obtained 
similarly from the upper fit. The fitted TL and Tu are substituted into Eq. 1, yielding p(Z). In this 
case, Ap represents the difference in mass attenuation coefficients for element Z at energies and 
&, not at the edge itself. 

The above technique applies to solutions which contain a single SNM element. Presence of 
minor SNM elements can create a bias in the linear fitting performed on the major element. For 
example, the thorium K-edge happens to lie within the lower fit window for uranium (see Fig. 11). 
Also, the plutonium K-edge is positioned within the upper fit window for uranium. Shrinking the 
uranium fit windows to avoid the thorium andor plutonium edges would result in decreased 
precision, because the fitting would be done using fewer data points. The single-element technique 
does not tell us the concentrations of minor elements or correct for their attenuation effects. We 
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Fig. 11. Fitting regions for a single element as applied to a solution with mixed SNM. 

9 



have developed a new method to analyze KED data; this method, the known-ratio technique? 
improves the precision of measurement and provides a better method to correct for bias due to 
minor elements . 

For many solutions, the ratios of the elements can be determined by another measurement 
(such as XRF); only the concentrations need be determined. The known-ratio technique uses 
known SNM ratios and mass attenuation functions to “strip out” the effects of minor elements. 
The single-element technique is used to provide an initial (biased) estimate of major element 
concentration. The estimated major element concentration and the known ratios are used to 
estimate the concentrations of the minor elements. Mathematical “de-attenuation” is performed on 
the original transmission data, channel by channel, using the estimated concentration of each minor 
element. The de-attenuated transmission data is analyzed using the single-element technique, and a 
refined estimate of major element concentration is obtained. This process is repeated a few times, 
while the major element concentration converges upon its final value. The minor element 
concentrations are then calculated using the known ratios. An example of the fixed-ratio technique 
is shown in Fig. 12. Details of the technique can be found in Ref. 3. 

In the section on measurement techniques, generalized XRF analysis was discussed. Now 
we will examine XRF analysis in greater detail. Recall from Eq. 2 that the U/Pu ratio is inversely 
proportional to R,,. R,, is a calibration factor which incorporates the ratio of excitation 
probabilities for emission of Ua l  and Pual x-rays in the primary beam. In the application of 
HKED to a dissolver solution, the assumption is made that the U/Pu ratio is 100. With this 
assumption, the R,, is a simple exponential function of uranium concentration. For general 

Thorium and Uranium K-edges in (4.9 g TM, 86.5 g UA) Solution, 
0 . 0 0 ~  Before and After Application of Known-Ratio Technique 

-0.20 - - 
-0.40 J. 

-0.60.. 
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r Y 
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C 
= -1.00.- - 

-1.20.. 

-1.40 - - 
De-Attenuated Data 

-1 6 0  - - 
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4.60 4.62 4.64 4.66 4.68 4.70 4.72 4.74 4.76 4.78 4.80 4.82 4.04 

W) 
Fig. 12. Thorium and uranium mixed solution. The top curve shows the original data; the bot tom 
curve shows the de-attenuated data using the known-ratio technique. 
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laboratory application, this assumption is no longer valid. In our XRF analysis, the calibration 
factor for numerator element Z, and denominator element Z, can be expressed as follows: 

where 
W(Z,, a,) = attenuation-corrected excitation integral for Kal peak of element Z,, and 
W(Z,, aI) = attenuation-corrected excitation integral for Kaf peak of element 4. 

The W integral for element Z and x-ray peak P takes the following factors into account: 

energy of peak P, 

the spectral distribution of the x-ray beam, 
the photoelectric cross section of element Z as a function of energy, 
estimated concentration of each SNM element in solution, 
attenuation due to the sample itself and the materials between the tube and sample, 

K-edge energy of element Z, 
depth of sample as viewed from XRF detector, and 
angle between incident beam and XRF detector axis. W is calculated by numerical 
integration. This method is valid for any SNM concentration and combination of 
SNM in solution and is applicable to laboratory application. 

The examples of XRF analysis cited in this paper focus mainly on the U/Pu ratio. In fact, the 
technique described in Eqs. 2 and 3 can be applied to other elements and ratios. Other ratios of 
interest include U/Th, Pump, and WAm. Let 2, represent the numerator element and Z2 the 
denominator element. The ratio of the two elements’ concentrations can be calculated as follows: 

where 
At(?) = atomic weight of element 2 
Area(2, a,) = area of Ka, peak for element Z 
R&Z, a,) = relative efficiency of detector at energy of Ka. peak for element 2, and 

= XRF calibration factor corresponding to ZJZ,. 
%E2 
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The method for calculating the XRF calibration factor in Eq. 3 is noteworthy because it 
applies to ratios involving arbitrary numerator and denominator SNM elements, with arbitrary 
concentrations. The XRF calibration implemented for dissolver solutions by H. Ottmar*'2 in 
Germany, for example, assumes a fixed U/Pu ratio of 100/1. Analysis using the W integral allows 
a degree of flexibility not found in other techniques: the ability to apply a uniform technique to 
solutions which have a wide variety of SNM content and concentrations. 

An interesting aspect of the HKED analysis is that KED analysis, especially the fixed-ratio 
technique, depends on the ratio of SNM. On the other hand, the generalized XRF technique 
requires a knowledge of the concentration of SNM in order to calculate the Rz,n2. The 
interdependence of the two techniques suggests iteration of the two calculations to arrive at the final 
results of the HKED assay. 

V .  CALIBRATION AT LOS ALAMOS 

The performance of the hybrid system was checked at LANL before shipment. A set of eight 
uranium solution standards was prepared at the Safeguards Analytical Laboratory of the IAEA. 
The density and concentration of the standards are shown in Table I. The make-up concentrations 
have been verified by Davis Gray potentiometric titration. The higher concentration standards are 
in the 2-cm cells (2A3; the lower concentration standards are in the 4-cm cells (4AJ. The 
concentrations are given at a temperature of 25°C; the measured concentrations have also been 
corrected to the same temperature. These concentrations were based on an initial Ap value of 
3.3331. 

These samples were measured in the internal sample tray of the hybrid system. Each of the 
standards was measured five times, with a 1OOO-s live time for each run. Table II lists the results 
of these measurements. 

From these measurements and averages, the Ap value of the 2-cm cell was found to be 
3.3241 and the Ap value of the 4-cm cell was found to be 3.3528. The two values differ by -l%, 
which is understandable because scattering in the 2-cm cell is substantially different from the 4-cm 
cell. A plot of the measured ratios is shown in Fig. 13. We should point out that the Ap. value of 
3.3331 was obtained by Ottmar, et al.,' with a completely different design, setup and set of 

oncentration 
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I Table 11. Uranium Calibration Measurement of Standard 
Solutions Performed at Los Alamos 

Run 
2-cm cells 
2A-60-0 1 
2A 60 02 

Known Meas. Meas. 
Conc. Conc. Error Ratio(Meas. 
(g/l) (all 1 (%) /Known) 

60.26 60.032 0.20 0.996 
60.26 59.992 0.21 0.996 

standards. The fact that our calibration of 3.3241 differs only by ~ 0 . 3 %  implies the universality of 
the densitometry calibration to within 0.5%. If one is satisfied with a bias of <OS%, then no 
calibration is necessary. To obtain a bias less than OS%, a separate calibration for each instrument 
is required. The precision of KED measurements is shown in Fig. 14. 

VI. PERFORMANCE AT NUCEF 

The hybrid instrument was shipped to Japan at the end of 1993 and installed at the analytical 
laboratory of NUCEF in early 1994. After the glove box in which the densitometer was installed 
was checked by government, we returned to NUCEF to perform the instrument test in early 1995. 
Table 111 is a comparison between the chemical analysis and hybrid assay. Each standard was 
measured with three 1OOO-s measurements. 

From this set of measurements, the HKED seems to have a slight bias. The Ap value was 
adjusted based on this set of measurements. After the adjustment, NUCEF ran another set of 
uranium standards with HKED. The results are shown in Table IV and Fig. 15. We found that 
for 2-cm cells, the concentration can be determined with a bias of less than 0.3% for concentrations 
ranging from 50 g/l to 500 g/l. The lower concentration samples can be assayed with smaller bias 
if 4-cm cells are used. 
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I Table 111, First Hybrid Uranium Calibration Measurement I Results at NUCEF 
DG Assay HKED Meas. HKED/DG 

(g;U/l) +/- ( g u m  +/- Ratio 
2-cm cell 

11.86 0.02 12.25 0.23 1.033 
52.9 1 0.0 1 53.26 0.25 1.007 

118.8 0.04 119.60 0.28 1.007 
223 .O 0.1 1 225.00 0.40 1.008 
313.2 0.17 3 16.40 0.58 1.010 

361.3 0.65 1.01 1 357.3 0.43 
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Table IV. Second Uranium Calibration Measurement Results and 
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Fig. 14. Measurement precision of KED in the hybrid densitometer. 
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Fig. 15. Comparison between chemical determination and HKED assay at NUCEF. 

VII. CONCLUSION 

This report describes the development of hybrid instrument for general laboratory 
application. We found that the hybrid instrument can be designed and developed for a wide range 
of applications in assaying concentrations of thorium, uranium, neptunium, plutonium, and 
americium from 10 g/l to 500 g/l. Using data from measurements at Los Alamos and NUCEF, we 
found that for 1000-s assays of single-element solutions with high concentrations, a bias of less 
than 0.2% and a precision of 0.2% can be achieved. We have extended the capabilities of HKED 
to assaying mixtures of these elements with ratios ranging from 100 to 0.01 simultaneously 
without the need for chemical separation. 
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