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NEW ANALYSIS TECHNIQUE FOR K-EDGE DENSITOMETRY SPECTRA' 
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Los Alamos National Laboratory Group NIS-5 
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ABSTRACT 

A method for simulating absorption edge densitometry 
has been developed. This program enables one to simulate 
spectra containing any combination of special nuclear 
materials (SNM) in solution. The method has been 
validated with an analysis method using a single SNM in 
solution or a combination of two types of SNM separated 
by a Z of 2. A new analysis technique for mixed solutions 
has been developed. This new technique has broader 
applications and eliminates the need for bias correction. 

material (SNM). Some of the beam is absorbed by the 
atoms in the solution, generating the characteristic x-rays 
of the elements. Some of the incident x-rays will undergo 
Compton scattering. The beam is, therefore, attenuated as 
it goes through the solution. Finally, some of the beam 
emerges from the solution without losing energy; this 
transmitted beam is measured by the densitometer detector. 
A narrow collimator, typically 0.75 mm in diameter, is 
placed between the detector and the solution, thereby 
minimizing detection of multiple scattering processes. 

I. INTRODUCTION II. DENSITOMETRY SIMULATION 

Absorption-edge densitometry has become an 
important analytical tool for safeguarding reprocessing 
plants. It has been used successfully to measure the 
product uranium and plutonium solutions generated from 
the plutonium recovery plants.1 It has also been used, in 
conjunction with the x-ray fluorescence (XRF) technique, 
to determine simultaneously the plutonium and uranium 
concentrations of solutions. This dual-element technique 
is used to analyze dissolver solutions, the input solution 
of plutonium recovery plants. 2 ' 3 

This report describes a method of simulating 
absorption edge densitometry.4 This report will also 
describe a new method to analyze densitometry data 
resulting from mixed solutions. This technique offers 
improved precision, has broader applications, and 
eliminates the need for bias correction. 

The densitometry process is physically simple. A 
continuous-energy x-ray beam with a specific end point is 
directed through a solution containing special nuclear 

aThis work is supported by the US Department of Energy, 
Office of Nonproliferation and National Security, Office of 
Safeguards and Security and International Safeguards 
Division. 

There are at least two different ways to simulate the 
densitometry process. For example, a Monte Carlo 
particle-transport method could be used to generate a 
simulated spectrum. However, because we strive for 
0.01% or better calculational precision, the required 
computing time would be prohibitively long. 

An alternative simulation method starts with the 
reference spectrum. This is the spectrum obtained from 
the densitometer by using a sample vial that contains only 
the nominal matrix solution. A sample reference spectrum 
is shown in Fig. 1. Because this spectrum was taken with 
the actual densitometer system, all the multiple scattering 
events are taken into account and measured by the detector. 
Any difference between the sample solution and the 
reference solution is due, therefore, to the presence of 
SNM. To generate the simulated spectrum for the SNM 
solution, we need to attenuate the net reference spectrum, 
channel by channel, according to the following equation: 

1(E) = I0(E)• riexpf-jx.CE) • p. • x) (1) 

where E is the energy corresponding to a channel, i is the 
SNM element index, j is the number of SNM elements in 
the solution, jitj is the mass attenuation coefficient of 



Densitometer Reference Spectrum 
2 cm thick HN03, 10000 s count time 

Energy (keV) 

Fig. 1. Reference spectrum of the densitometer taken with the 
matrix solution, in this case 3-molar HNOf 

element i at energy E, p ; is the known density of element 
i in the solution, and x is the thickness of the solution. 

Figure 2 shows the simulated spectrum, using this 
method, for a solution that contains 200 g/ £ of uranium 
(200 g\J/£). The lower curve in Fig. 2 shows the 
spectrum measured with an actual 208-g/ £ solution. It is 
observed that the two curves are quite similar. The only 
exception is that near the absorption edge, where the 
simulated spectrum shows a sharp discontinuity, the 
actual spectrum is more "rounded." This difference is a 
result of the finite resolution of the detector, which tends 
to distribute some counts near the edge into neighboring 
channels. This difference does not affect the analysis 
because the data near the edge are not used in data analysis. 

Comparison of Simulated and Measured 
Densitometer Spectra for 180 gUfl Solution 
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Fig. 2. Simulated uranium spectrum and actual uranium 
spectrum taken with x-ray-generator-based densitometer. 

The critical test of simulation is that, when analysis 
is performed upon a simulated spectrum, the calculated 
SNM content should be identical to the "known" content. 

For example, if we simulate a spectrum for a solution that 
contains 200 g/^of uranium, and this spectrum is 
submitted for densitometry analysis, the assay result 
should indicate 200 gU/^. In fact, the assay results 
should be identical to the known contents for arbitrary 
concentrations of uranium and plutonium. 

Table I shows several comparisons of known and 
calculated uranium concentrations. The calculated 
concentrations were obtained by performing densitometry 
analysis upon simulated spectra. As shown in equation 
(1), the mass attenuation coefficient \i must be 
determined, for each SNM element present, at the energy 
of every channel in the simulated region. Because 
different values of {X are reported in various tabulations, it 
is important that we identify the source of our data. We 
obtained mass attenuation (total minus coherent 
scattering) coefficients from Storm and Israel.5 Values of 
fj. between the entries listed in Storm and Israel were 
obtained via linear interpolation in log^u) versus log(£) 
space. A solution thickness of 2 cm was assumed in all 
calculations. 

In Table I, the first column shows the known 
uranium concentration used for simulating the assay 
spectrum. The second column shows the calculated 
uranium concentration that results from densitometry 
analysis of the simulated spectrum. The single-element 
analysis method is based on straight line fitting in log 
(1/Transmission) versus log(Energy) space, where "log" 
indicates the natural logarithm function.3 The fitting 
ranges include approximately 6 keV above and 6 keV 
below the K-edge as shown in Fig. 3. The fourth column 
lists the precision from the assay, calculated using the 
error analysis outlined in Ottmar's report.3 Because our 
reference spectrum was collected for 10 000 s, the 
counting time for each simulated spectrum is also 
10 000 s. Therefore, each analysis performed on a 
simulated spectrum must have a precision that corresponds 
to a 10 000-s counting time. The final column lists the 
precision after being adjusted to a 1000-s assay time, 
multiplying by the square root of 10. Figure 4 shows a 
graph of both the ratio and the precision for 1000-s 
assays. 

Table I and Fig. 4 show the comparison between the 
known and the assayed values for uranium; Table II shows 
the results of similar trials using plutonium. These tables 
and figures show that the method does pass the critical test 
of simulation: namely, the known and assayed SNM con
centrations are in perfect agreement. The calculated preci
sion is also quite reasonable, 0.59% at 50 g/ £ and 0.23% 
at 200 g/ £ for uranium determination. These values are in 



TABLE I. Uranium Concentrations and Assayed Values from Simulated Spectra. 
Known U Assayed U Ratio Precision (%) Precision(%) 

(g/£) (g/£) (Assayed/Known) 10 000-s assay 1000-s assay 
1 l 1.000 8.160 25.805 
5 5 1.000 1.649 5.213 

10 10 1.000 0.835 2.640 
30 30 1.000 0.293 0.927 
50 50 1.000 0.183 0.587 
75 75 1.000 0.133 0.420 

100 100 1.000 0.107 0.339 
150 150 1.000 0.083 0.264 
200 200 1.000 0.074 0.234 
250 250 1.000 0.070 0.223 
300 300 1.000 0.071 0.223 
350 350 1.000 0.073 0.232 
400 400 1.000 0.078 0.247 
450 450 1.000 0.085 0.269 
500 500 1.000 0.094 0.297 

Fit Windows for Single-Element Densitometry 

Lower Fit Region Upp*rFitR*glon 

Ln(Energy) 

Fig. 3. Regions of data analyzed for a single-element 
densitometer. The fitting region is 6-keV wide above and 
below the absorption edge. 

good agreement with our actual measurements and also 
with values reported by OttmarP 

III. MIXED SOLUTION OF SNM 

If there is only one SNM element in a liquid solution, 
its concentration can be determined with excellent precision 
using the single-element analysis method. However, liquid 
samples may contain multiple SNM elements. When the 

single-element technique is applied to mixed solutions, the 
contaminants cause a bias in the measured concentration of 
the major element. 

With mixed solutions, a dual-element analysis method 
can be used. The dual-element method utilizes data from 
three fitting windows: a 6-keV-wide region below the 
lower K-edge, a 2-keV-wide region located between the two 
K-edges, and a 6-keV-wide region above the upper K-edge. 
Figure 5 shows the fitting regions of the dual-element 
analysis method. The dual-element technique applies only 
to SNM elements that differ by two in proton number (for 
example, thorium and uranium, or uranium and 
plutonium).2 

Uranium Simulation 
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Fig. 4. Analysis of simulated uranium spectrum from 1 g/t to 
500 g/£. The ratio is that of the analyzed to the known 
concentration. The precision values correspond to an assay 
time of 1000 s. 



TABLE II. Plutonium Concentrations and Assayed 
Known Pu Assayed Pu Ratio Pu 

W£) (v/£) (A/K) 

l l 1.000 
5 5 1.000 

10 10 1.000 
30 30 1.000 
50 50 1.000 
75 75 1.000 

100 100 1.000 
150 150 1.000 
200 200 1.000 
250 250 1.000 
300 300 1.000 
350 350 1.000 
400 400 1.000 
450 450 1.000 
500 500 1.000 

Fit Windows lor Dual-Element Densitometry 
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Fig. 5. Regions of data analyzed for a dual element (AZ = 2) 
densitometer. The fitting regions below and above the edges 
are 6-keV wide; the region in between the edges is 2-keV 
wide. 

Because the 2-keV-wide fitting region is used for both 
elements in the dual-element analysis, fewer data points ate 
used per element than in the single-element technique. The 
availability of less data leads to an increased uncertainty in 
the results, which is one limitation of the dual-element 
method. 

Assume we have a solution containing 200 gU/ £ and 
the solution also has some plutonium. If the analyst 

from Simulated Spectra. 
Precision (%) Precision(%) 1000-s assay 

10 000-s assay 
7.614 24.077 
1.538 4.863 
0.778 2.461 
0.273 0.863 
0.172 0.545 
0.123 0.388 
0.099 0.312 
0.076 0.241 
0.067 0.211 
0.063 0.199 
0.062 0.197 
0.064 0.201 
0.067 0.211 
0.071 0.226 
0.078 0.246 

ignores the plutonium content and analyzes the solution as 
a pure uranium sample, the assay will be biased. The bias 
as a function of plutonium concentration is shown in Table 
HI and Fig. 6. It shows that there is a bias even when the 
plutonium is at 0.5% of the uranium; at 10 g/ £, the bias 
is 2%. The bias increases almost proportionally to the 
concentration of plutonium because the 6-keV fitting 
region above the uranium K-edge (117.26-124.060 keV) 
includes the K-edge of plutonium, which has an energy of 
121.8 keV. 

To minimize the bias, we can reduce the fitting region 
(117.26 - 119.440 keV) to avoid the plutonium K-edge. 
The results are shown in Table IV below. We found that 
the bias is greatly reduced; at 10 gPu/ £, the bias is reduced 
from 2% to 0.2%. At the same time, the precision 
increases from 0.24% to 0.38%. The worsened precision is 
due to the narrower fitting region; fewer data points are 
now used in the linear fit. 

The remaining bias can be corrected by the bias 
correction:3 

Bias (g/cm3) = 1/Au^ • Z{ Aju,- • pf . Q) 

For plutonium and uranium, the Ajij^/AlXjj = 
0.0331. Therefore at 10 gPu/^ the assayed value of 
uranium is 199.67 g/£. The bias correction is 0.0331 x 



TABLE III. Uranium and Plutonium Concentrations Assayed as Single-Element Uranium. (The fitting region is 
6 keV above and 6 keV below the K-edge.) 

Known U Known Pu Assayed U . Ratio Precision(%) 1000-s assay 
0^) WtY Mi) (Assayed/Known) 
200 I 199.59 0.998 0.234 
200 2 199.18 0.996 0.235 
200 5 197.95 0.990 0.236 
200 10 195.95 0.980 0.239 
200 20 192.06 0.960 0.245 
200 30 188.33 0.942 0.250 
200 40 184.73 0.924 0.256 
200 50 181.26 0.906 0.263 
200 75 173.10 0.865 0.279 
200 100 165.56 0.828 0.297 

Bias in Assayed U Concentration 
Due to Pu in 200 gll/l Solution 

Pu Concentration (g/l) 

Fig. 6. Bias in the 200 g/£ uranium concentration 
determination due to the presence of plutonium in the solution. 
The spectrum is analyzed as a single element with a wide fitting 
range. 

10 or 0.331 g/£. Therefore the final assayed value of 
uranium is 200.001 g/£, which shows very little bias. 
The bias correction is valid for plutonium concentrations 
as high as 100 g/ £. This method of analysis (narrowing 
the fitting range) will produce bias free assay; the penalty 
is that the precision is worse, from 0.23% (wide fitting 
range) to 0.37% (narrow fitting range) or more. This 
means that the counting time needs to be doubled to 
achieve the same precision. The other related problem is 
that when the fitting region is changed, the calibration 
factor, in this case the A|X value, also changes and needs 
to be re-evaluated. 

IV. NEW ANALYSIS TECHNIQUE 

The following combinations are found in mixed 
solutions: (1) uranium as major element, with thorium as 

minor element; (2) uranium as major element, with 
plutonium as minor element; and (3) plutonium as major 
element, with uranium and americium as minor elements. 
For many solutions, although the concentration values are 
not known, the ratio of one element's concentration to 
another is known from another measurement. Ratios 
which are commonly known include Th/U, Pu/U, and 
Am/Pu. These ratios, and their associated uncertainties, 
provide useful information about the contents of a mixed 
solution. This information, if available, should be used in 
the analysis routine as a constraint upon the concentration 
values it calculates. 

We have developed a new analysis technique for 
densitometry, called the known-ratio analysis technique. 
This technique is based upon the following. If we knew 
the concentrations of all the minor elements and their mass 
attenuation coefficients, we could mathematically "de-
attenuate" their effects from the original spectrum. De-
attenuation would create an altered spectrum, representing 
the spectrum we would expect to observe if all the minor 
elements had been absent from the solution. With the 
effects of minor elements removed, the major element 
concentration could be determined via the single element 
analysis technique. De-attenuation removes the bias that 
results in the major element concentration due to the 
contaminants. However, we are given the ratios of one 
concentration to another, not the minor element 
concentrations themselves. On one hand, we can measure 
the concentration of the major element, but the value 
obtained will be biased. On the other hand, we can 
remove this bias, but we need the minor element 
concentrations. The solution to this problem is to use an 
iterative scheme. We found that in all cases six iterations 
or less are required. This method requires that the major 
element in the solution be chosen as the key element. 
Choice of a minor element as the key element can lead to 



TABLE IV. Known Uranium and Plutonium Concentrations Assayed as Single-Element Uranium. (The higher-
energy fitting region has been narrowed to avoid the plutonium K-edge.) 

Known U Known Pu Assayed U Ratio Precision(%) 1000-s assay 
(e/t) (*/£) (e/£) (Assayed/Known) 
200 l 199.97 1.000 0.375 
200 2 199.93 1.000 0.376 
200 5 199.83 0.999 0.377 
200 10 199.67 0.998 0.380 
200 20 199.34 0.997 0.385 
200 30 199.01 0.995 0.390 
200 40 198.68 0.993 0.396 
200 50 198.34 0.992 0.401 
200 75 197.52 0.988 0.415 
200 100 196.69 0.983 0.430 

divergent results, suggesting that a different key element 
should be used. An example of this method is shown in 
Fig. 7. 

We have applied this new technique to analyze mixed 
uranium and plutonium solution. The results of this 
approach are shown in Table V. The results show that the 
bias has been removed by this technique. In addition, the 
precision of the uranium determination is improved from 

0.37% to 0.23% because the fitting regions above and 
below the edge are 6-keV wide. In this example, because 
the uranium fitting regions were used to determine the 
uranium concentration, uranium was the "key" element. 
Because the plutonium concentration was determined from 
the uranium concentration (using the known Pu/U ratio), 
plutonium was a "secondary" element. 

Thorium & Uranium K-edges in (4.9 gTh/J, 86.5 gU/l) Solution, 

o.oo n 
Before and After Application of Known-Ratio Technique 
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Fig. 7. Spectrum of U-Th mixed solution with 80 g/£ of uranium and 5 g/£ of 
thorium. The presence of thorium can be detected by the "jump " of data around the 
thorium K-edge of 109.65 keV. The bottom graph shows the data after the de-
attenuation. 



TABLE V. Known Uranium and Plutonium Concentrations Assayed as Single-Element Uranium 
Using the New Analysis Technique. 

Known U Known Pu Assayed U Ratio Precision(%) 1000-s assay 
(*£) (s/£) (g/£) (Assayed/Known) 
200 l 200.00 1.000 0.234 
200 2 200.00 1.000 0.234 
200 5 200.00 1.000 0.234 
200 10 200.00 1.000 0.234 
200 20 200.00 1.000 0.234 
200 30 200.00 1.000 0.234 
200 40 200.00 1.000 0.234 
200 50 200.00 1.000 0.234 
200 75 200.00 1.000 0.234 
200 100 200.00 1.000 0.234 

This new method of analysis has the following 
advantages: (1) we can keep the same fitting regions for a 
pure uranium solution or a mixed uranium-plutonium 
solution; (2) because the fitting region is the same, the 
same calibration constants can be used for the single 
element or mixed solutions; (3) no bias correction is 
necessary with this method; and (4) this method can be 
applied to AZ=1, whereas the traditional method can only 
be applied to AZ=2. This method has the added advantage 
mat the same calibration constants (Afi) for single 
elements can also be used for mixed solutions. 

V . CONCLUSION 

This report summarizes our approach to generating 
simulated K-absorption-edge densitometry spectra. The 
simulation program has provided densitometry spectra 
from known concentrations of SNM, which closely 
resemble actual spectra obtained from similar standards in 
the laboratory. This report also describes a new method to 
analyze densitometry data from mixed solutions that offers 
better precision, has broader applications, and eliminates 
the need for bias correction. 

ACKNOWLEDGMENTS 

The authors would like to thank J. Sprinkle, Jr., for 
many discussions on this subject. We would also like to 
thank NMT Division of LANL for their support on this 
project. 

REFERENCES 

1. H. Ottmar, H. Eberle, N. Doubek, W. Raab, and J. 
Parus, "Analysis of Th-U, U-Pu and Pu Solutions 
with a Hybrid K-Edge/XRF Analyzer," in Proceedings 
of the 13th ESARDA Symposium on Safeguards and 
Nucl. Mater. Manage. (ESARDA, Ispra, Italy, 1991), 
Vol. 24, pp. 149-157. 

2. H. Ottmar, H. Eberle, R. M. Schott, J. Salaun, P. 
Grison, M. Ougier, H. G. Wagner, J. Goerten, G. 
Ballette, and P. Louis, "The Use of the Hybrid K-edge 
Densitometer for the Routine Analysis of Safeguards 
Verification Samples of Reprocessing Input Liquor," 
in Proceedings of the 13th ESARDA Symposium on 
Safeguards and Nucl. Mater. Manage. (ESARDA, 
Ispra, Italy, 1991), Vol. 24, pp. 337-344. 

3. H. Ottmar, H. Eberle, "The Hybrid K-Edge/ K-XRF 
Densitometer: Principles - Design - Performance," 
Kernforschungszentrum Karlsruhe report KfK 4590 
(February 1991). 

4. S. -T. Hsue and M. Collins, "Simulation of 
Absorption Edge Densitometry," Los Alamos National 
Laboratory report LA-12874-MS (November 1994). 

5. E. Storm and H. I. Israel, Nuclear Data Tables A7 
(1970) pp. 565-681. 


