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ABSTRACT 

As part of the US Department of Energy/Japanese Atomic 
Energy Research Institute research cooperation, a hybrid 
K-edge/x-ray fluorescence densitometer was developed and 
fabricated by Los Alamos National Laboratory. The 
instrument, designed for accountability measurements and 
for International Atomic Energy Agency inspections, was 
installed at the analytical laboratory of Nuclear Fuel 
Cycle Safety Engineering Research Institute in 1994. 
The system was calibrated with uranium solutions in 
1995. This paper will describe the features of the instru- 
ment. We will also discuss the calibration of the instru- 
ment and compare the techniques of hybrid densitometry 
and chemical analysis for measuring routine samples. 

I .  INTRODUCTION 

The Nuclear Fuel Cycle Safety Engineering Research 
Facility (NUCEF) is a new facility built at the Japanese 
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), and will perform studies with solution fuel of 
uranium and plutonium. 

As part of research cooperation between the US Depart- 
ment of Energy (DOE) and JAEIU, a hybrid K-edgdx-ray 
fluorescence densitometer (HKED) was developed and 
fabricated by Los Alamos National Laboratory (LANL). 
The purpose of the instrument is to perform account- 
ability measurements of uranium and plutonium or mixed 
solutions found in NUCEF. This instrument will be 
used by NUCEF for routine accountability assays in 

analytical laboratories as well as for inspection purposes 
of the International Atomic Energy Agency (IAEA). We 
are also developing another HKED system for the Pluto- 
nium Facility at LANL to be used in their analytical 
laboratory. 

HKED has been in development for ten years or more.'. 
Most of the development concentrated on the application 
of the technique for verification of uranium and pluto- 
nium concentration in dissolver solutions of reprocessing 
plants. The method is successful in several in-plant 
applications and has become an important tool for safe 
guarding reprocessing plants. This report describes our 
efforts in the last few years to develop the technique for 
use in analytical laboratories. The major difference be- 
tween the two applications is that in the light-water me- 
tor reprocessing plant, the dissolver solution has a fairly 
narrow range in its uranium-to-plutonium ratio (-loo), 
and the uranium concentration is also in a narrow range 
(200 - 250 g/l). In analytical laboratories, the situation is 
different. The uranium and plutonium concentrations 
could vary from low (-10 g/l) to relatively high (-450 
g/l). Therefore, the uranium-to-plutonium ratio may vary 
quite widely from 100 to 0.01. There may be other 
special nuclear materials (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 been developing 
a general HKED which is not bound by the above limi- 
tations. 

This report describes the physics principles and software 
design of the hybrid system designed for analytical labora- 
tories. We will also address the mechanical design and 
finally the performance of the instrument both at Los 
Alamos during its development and also at NUCEF. 

* This work is supported by the US Department of Energy, Office of Nonproliferation and National Security, Office of 
Safeguards and Security, and International Safeguards Division. 
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11. MEASUREMENT TECHNIQUE 

The hybrid instrument combines two solution-assay 
techniques-K-edge absorption densitomem (KED) and 
x-ray fluorescence (-to determine concentrations of 
uranium, plutonium, and mixtures of the two elements in 
solutions.' The instrument employs the strengths of the 
two Werent techniques. KED has the advantage of rela- 
tively stable calibration; experience has shown that KED 
keeps its calibration for four to five 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 KED ratios are determined by 
absorption, and when the ratio exceeds 10, absorption of 
the minor element is almost negligible. The XRF tech- 
nique involves the excitation of uranium and plutonium 
atoms, and is better for determining the U-to-Pu ratio. 
We have found that when U/Pu ratio is -100, the minor 
element still can be determined to -1% or better. There 
fore, the XRF technique has a better dynamic range than 
the KED technique. In the hybrid system, KED is used 
to determine the concentration of the major isotope, and 
the X R F  technique is used to determine the ratios of 
SNM. 
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Figure 1. The top curve shows the reference 
spectrum. The bottom curve shows the s a m p l e  
spectrum from a uranium solution. The ratio of 
the sample spectrum to the reference spectrum 
gives the transmission of the solution. 

KED is relatively insensitive to matrix variations and is 
accurate to 0 .243%.  The technique measures the trans- 
mission of a tightly collimated photon beam through the 
sample; it is therefore quite insensitive to radiation emit- 
ted by the sample material. The technique is ideally 
suited to assaying dissolver solutions as well as the 
uranium and plutonium product solutions of reprocessing 
plants. 

Figure 2 shows the fitting region near the uranium edge. 
This plot shows the LnLn (UT) versus L n Q .  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: 

The mass attenuation coefficient of each SNM element is 
discontinuous at its K-absorption edge. The KED meas- 
ures the transmission of x-rays at energies above and 
below that of the K-absorption edge. The purpose of 
KED in this system is to measure the concentrations of 
the dominant SNM. Examples of spectra recoded by the 
K-edge detector in this system are shown in Fig. 1. The 
figure displays in logarithmic scale the spectral distribu- 
tion for a blank (3 M HNO,) solution (reference spec- 
trum) 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 
(115.6 keV). The height of the jump is a function of 
the uranium concentration. The background-subtracted 
assay spectrum divided by the background-subtracted refer- 
ence spectrum, adjusted for the counting time difference, 
is the transmission at each channel. 

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 '@Cd source close to the detector. These peaks 
are used for the digital stabilization of the detector gain. 

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 absorp- 

Tu = transmission above the edge. 
tion edge, and 

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 the 
ratios of SNM. Once the ratio is determined, the concen- 
tration of the minor isotope can be calculated from the 
ratio and the concentration of the major isotope. 



Figure 2. This figure shows the fitting r e g i o n  
f o r  a s ingle-e lement  so lu t ion .  The f i t t i n g  r e -  
g ions  are 6-keV wide. The K-absorpt ion-edge  
energy of the SNM is Ek. 

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 spec- 
trum is due to inelastic scattering of the primary x-ray 
beam, the largest contribution of which comes from the 
scattering off the low Z elements of the sample. 
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3. This figure shows the f luorescent  
spectrum from a sample containing a mixture o f  
uranium and plutonium. 

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

where 
At = atomic weight of uranium and 

Area = net peak area of the K,, x-rays, 
R ,  = relative detection efficiency curve, 

and 
RUIPU = calibration factor describing the ratio 

of excitation probabilities for emis- 
sion of U,, and Pu,,, x-rays in the 
primary beam. 

plutonium, 

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 
uranidplutonium varies over a wide range of values. 

111. INSTRUMENT CONFIGURATION 

Figure 4 shows the system installed at NUCEF. 

The design of the hybrid densitometer is shown schemati- 
cally in Figs. 5 and 6; Fig. 5 shows the top view; Fig. 6 
shows the side view. The heart of the design is the sam- 
ple changer. 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 repro- 
duced to a standard deviation of 0.02 111111. 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. 7. 

The x-ray tube is located outside of the glove box and 
irradiates the solution cells through a thin layer of stain- 
less steel. The generator is in a tungsten housing 



Figure 4. This figure shows the overall o f  
hybrid system after it was installed at t h e  
analytical laboratory of NUCEF. 

(vertical cylinder on the right of Fig. S), which reduces 
the radiation outside of the glove box to less than 2 
mR/hr. The x-ray beam shines through the collimator and 
the solution sample. The transmission beam is measured 
by the KED detector on the left of Fig. 8. The XRF is 
measured by the XRF detector behind the x-ray tube. 

There are several safety features built into the system. At 
the end of the sample tray, a tungsten piece is installed to 

minimize the radiation from the x-ray and scattering 
photons into the glove box. When the sample tray is out 
of the tunnel and into 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 is automati- 
cally shut off. 

The x-ray machine is a Pantak Model HF- 160, which 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 would not be too excessive (>40,000 counts/s). 

The electronics component consists of a detector feeding 
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 ear- 
lier; KED analysis will now be examined in further detail. 
Recall from Eq. 1 that the density of a single element 2 
in a solution is proportional to In(T,/T,). TL is the 
transmission of the x-ray beam through the solution at an 
energy below the K-edge; Tu is the transmission at an 
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Figure 5. Top view of schematic design of the hybrid hardware system. 
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Figure 6. Side view of schematic design of the hybrid hardware system. 

energy above the edge. If our detector had perfect resolu- 
tion, we would see a sharp drop in T at the K-edge. We 
could obtain TL and Tu from channels adjacent to the edge, 
and substitution into Eq. 1 would yield p(Z). 

A real detector has limited resolution, which 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 EL is an energy 
just below, and E, 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 EL, 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(U7‘) versus 
In(@ does result in a linear function on both sides of the 
K-edge; see Fig. 2. The EL 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, delta Mu represents the dif- 
ference in mass attenuation coefficients for element Z at 
energies EL and E,, 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 hap- 
pens to lie within the lower fit window for uranium (see 
Fig. 8). Also, the plutonium K-edge is positioned within 
the upper fit window for uranium. Shrinking the ura- 
nium fit windows to avoid the thorium and/or 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 concentra- 
tions of minor elements, nor correct for their attenuation 
effects. We 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 

Figure 7. This figure shows the sample and 
sample tray in the x-ray beam. The v e r t i c a l  
cylinder on the Zeft is the housing for the x - r a y  
tube. The horizontal tubing on the right is t h e  
KED detector. 
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Figure 8. Fitting regions for  a single element as applied to a solution with mixed SNM. 

(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 re- 
peated a few times, while the major element concentration 
converges upon its final value. The minor element con- 
centrations are then calculated using the known ratios. 
An example of the fixed-ratio technique is shown in 
Fig. 9. Details of the technique can be found in Ref. 3. 

analysis, the calibration factor for numerator element Z, 
and denominator element Z, can be expressed as follows: 

(3) 

where 
W(Zl, al} = attenuation corrected excitation 

integral for Kal peak of element 

W(Z,, ar) = attenuation corrected excitation 
integral for Kal peak of element 

4, and 

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 
uraniwdplutonium ratio is inversely proportional to 
Rulp,. R,, is a calibration factor which incorporates the 
ratio of excitation probabilities for emission of U,, and 
Pual x-rays in the primary beam. In the application of 
HKED to dissolver solution, an assumption is made that 
the ratio of uraniudplutonium is 100. With this 
assumption, the R,,, is a simple exponential function of 
uranium concentration. For general laboratory applica- 
tion, this assumption is no longer valid. In our XRF 

The W integral for element 2 and x-ray peak P takes the 
following factors into account: (1) the spectral distribu- 
tion of the x-ray beam, (2) the photoelectric cross section 
of element Z as a function of energy, (3) estimated 
concentration of each SNM element in solution, (4) 
attenuation due to sample itself and the materials between 
tube and sample, (5) energy of peak P, (6) K-edge energy 
of element Z ,  (7) depth of sample as viewed from XRF 
detector, and (8) angle between incident beam and XRF 
detector axis. W is calculated via numerical integration. 
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Figure 9. Thorium and uranium mixed solution. The top curve shows the or ig ina l  
data; the bottom curve shows the de-attenuated data using the known-ratio technique. 

This method is valid for any SNM concentration and 
combination of SNMs in solution and is applicable to 
laboratory use. 

The examples of XRF analysis cited in this paper focus 
mainly upon the uraniudplutonium 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 PdAm. Let 2, represent the numera- 
tor element, and Z, the denominator element. The ratio 
of the two elements’ concentrations can be calculated as 
follows: 

(4) 

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 XFW calibration imple- 
mented for dissolver solutions by H. Ottmar”* in 
Germany, for example, assumes a fixed Ulpu 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 that have a wide 
variety of SNM content and concentrations and that is 
more suitable to laboratory application. 

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 Rzln2. The interdepend- 
ence 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 
where 

A t Q  = atomic weight of element 2 
Area@, al) = area of K,, peak for element Z 
R~AZ, = relative efficiency of detector at 

energy of K ,  peak for element 
Z, and 

sponding to Zl/Z2. 

The performance of the hybrid system was checked at Los 
Alamos before shipment. A set of eight uranium solu- 
tion standards was prepared at Safeguards Analytical Labo- 
ratory of the IAEA. The density and concentration of the 
standards are shown in Table 1. The make-up concentra- 

= XRF calibration factor corre- tions have been verified via Davis Gray potentiometric 
titration. The higher concentration standards are in 2-cm 
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cells; the lower concentration standards are in 4-cm cells. 
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 1000 s live time for each run. Table 2 
lists the results of these measurements. 

From these measurements and averages, the Ap value of 
2-cm cells was found to be 3.3241 and the Ap value of 

4-cm cells was found to be 3.3528. The two values differ 
by -1% which is understandable because scattering in the 
2-cm cell is substantially different from the 4-cm cell. We 
should point out that the Ap value of 3.3331 was ob- 
tained by Ottmar, et al., at JCfK with a completely 
different design, setup, and set of 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 0.5%, 
a separate calibration for each instrument is required. The 
precision of KED measurements is shown in Fig. 10. 

Table 1. Uranium Solution Standard Used to Calibrate 
the Hybrid System at Los Alamos. 

Standard ID Weight % Density Concentration 
U (g/crn3) ( d 1 )  

2A-359 22.392 1.6027 358.88 
2A-180,4A-180 13.756 1.3099 180.19 
2A-115,4A-115 9.620 1.1989 115.33 
2Aw60,4A-60 5.461 1.1035 60.26 
4A-33 3.111 1.0557 32.84 

Table 2. Uranium Calibration Measurement of Standard 
Solutions Performed at Los Alamos. 



Hybrid Densitometer (1000s Assay) 
2.5 

2 

n 
8 - 1.5 
C Figure 10. Measurement p r e -  0 cision of KED in the h y b r i d  u) 

d e n s i t o m e t e r .  0 1  2 n 

.- .- 

0.5 

0 
0 50 100 150 200 250 300 

Uranium Concentration (g/l) 

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 the beginning of 1994. After the glove box (in which 
the densitometer was installed) was checked by 
government, we went back to NUCEF to perform the 
instrument test in early 1995. Table 3 is a comparison 
between the chemical analysis and hybrid assay. Each 
standard was measured with three 1000-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 4 and Fig. 11. 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/1 to 500 g/l. The lower concentration samples can be 
assayed with smaller bias if 4-cm cells are used. 

Table 3. First Hybrid Uranium Calibration 
Measurement Results at NUCEF. 

Davis Gray Assay +/-  
( g u l l )  

2-cm cell 
11.86 0.02 
52.91 0.01 
118.8 0.04 
223.0 0.11 
313.2 0.17 
357.3 0.43 
402.5 0.27 
453.9 0.18 

52.91 0.01 
118.8 0.04 

4-cm cell 

HKED Meas. +/ -  HKED:DG 
-- Ratio 

12.25 0.23 1.033 
53.26 0.25 1.007 
119.60 0.28 1.007 
225.00 0.40 1.008 
3 16.40 0.58 1.010 
361.3 0.65 1.011 
408.1 0.85 1.014 
461.0 1.11 1.016 

52.76 0.31 0.997 
118.6 0.25 0.999 



Table 4. Second Uranium Calibration Measurement 
Results and Comparison to Chemical Analysis at NUCEF. 
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VII. CONCLUSION 

This report describes the development of hybrid instru- 
ment for general laboratory application. We found that a 

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 gA to 500 g/l. Using data from measurements at 



Los Alamos and NUCEF, we found that for 1000-s as- 
says of single element solutions with high concentm- 
tions, a bias of less than 0.2% and precision of 0.2% can 
be achieved. We have extended the capabilities of HKED 
to assaying mixtures of these elements with ratios rang- 
ing from 100 to 0.01 simultaneously without the need for 
chemical separation. 
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