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Abstract 

The isotopic composition of plutonium and uranium is needed for purposes of sample confmation, or for 
interpreting results from calorimeters or neutron-coincidence measurement instruments to determine nuclear 
material mass. We have developed measurement methods and computer codes utilizing high-resolution 
gamma-ray spectrometry to measure the relative isotopic abundances of plutonium and uranium in various 
forms nondestructively. The computer codes, known as MGA and MGAU, have unique analysis 
methodologies that we briefly describe in this paper. 

* 

Introduction 

The isotopic composition of a plutonium sample is used to calculate 240~hs or specific power (watts/gram>, 
that are used to interpret passive neutron coincidence or calorimetry measurements for absolute plutonium 
mass. MGA"' can determine plutonium isotopic abundances with accuracies better than 1 % using a high- 
resolution, low-energy, planar germanium detector and measurement times of less than 10 minutes. MGA 
can include analysis of a second spectrum of the high-energy (300-600 kev) plutonium ,oamma rays that 
significantly improves the determination of 240Pue~ in high-bumup plutonium. MGA can also provide 
isotopic information from the high-energy regions only, when the low-energy gamma-rays cannot be 
observed due to absorption by thick sample-container walls or sample shielding. 

The MGA code has the following unique analysis characteristics: 
- 

- 

It uses the most intense gamma-ray peaks in a plutonium spectrum; the 94- to 104-keV region and the 
129- and 148-keV peaks. 
All data are represented by a single set of internally consistent and appropriately weighted equations. 
The relative detection efficiency for a measurement is determined from the data. The functional form 
used approximates the following three basic physical processes involved in the detection process: 

- the gamma-ray interactions with the detector, 
- attenuations due to absorbers (cadmium is usually used), 
- sample self-attenuation. 

The advantage of basing the functional form on known processes is that its shape is determined not only 
by the data but also by the known physical-interaction processes. 

Although MGA can determine the abundances of 235U and 238U in plutonium samples. the MGAU code 
performs isotopic analyses of samples containing only uranium. Like MGA, it requires no calibration, can 
determine 235U enrichments with accuracies within 1 to 2%, and can be used over the enrire enrichment 
range from depleted to highly enriched. Also like MGA, it uses the 89-100 keV region of a spectrum in it's 
normal operational mode. However, later versions of MGAU now also include the "enrichment meter" 
approach which makes use of the 186 keV gamma ray. 1 



Plutonium Analysis 

MGA is the only code that uses the 94- to 104-keV region of the low-energy spectrum. Although the peak 
structure of this region is very complicated, this region is very useful because it contains the most intense 
peaks of all of the plutonium isotopes and 241Am (except for the region below 59 keV which is visible only 
when analyzing freshly processed materials). This feature is particularly important when considering 2 3 8 P ~  
and 240Pu which each emit only three low-energy gamma rays, when they decay. The emission probability of 
the three gamma rays diminishes greatly with increasing energy so that the 160-keV peak of 240Pu becomes 
very difficult to measure. This difficulty becomes acute when measurements are made of high burnup 
plutonium with high concentrations of 241Pu, as shown in Fig. 1. Thus the 240Pu peak at 104 keV provides 
significantly better information despite the complexity of this peak region. 
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Figure 1. The right-hand figure illustrates the computed isotopic response 
functions used to analyze the 94-104 keV region. The intensity difference 
of the 104- and 160-keV peaks of “%u in high burnup Pu are also shown. - 

The 94- to 104-keV energy region 
contains more than 16 peaks due to 
x and gamma rays emitted by the 
isotopes in the sample. It is 
impossible to determine precisely the 
area of each of these peaks 
individually. However, three 
important characteristics of the 
peaks are known. First, we have 
developed an algorithm that 
accurately calculates peak shapes as 
a function of energy. It is important 
to note that the peak shape of the x 
rays is quite different from gamma 
rays, due to the Lorentzim line 
shape of the x rays. Second, the 
exact relative energies of the peaks 
are known, so that their relative 
positions can be accurately 
determined. Finally, the relative 
intensities of peaks belon,oig to 
each isotope can be easily calculated 
from the known emission 

probabilities and the relative efficiency curve. 

Using these three characteristics, a “response spectrum” can be calculated for each of the isotopic 
components of the 94- to 104-keV region. By doing this, not only is the number of variables reduced from 
over 30 down to 6 (in principle), but the remaining variables appear as linear terms in the equations, thereby 
allowing us to solve 170-180 equations fitting the data by a simple least-squares method. Figure 1 illustrates 
the characteristics of the responses to the 9 4  to 104-keV region. 

The relative detection efficiencies for the gamma- and x-ray peak intensities are needed iE the isotopic 
analysis. This relative efficiency curve, also called the “intrinsic” efficiency curve, must te determined from 
the spectral data. Most gamma-ray analysis codes use a functional form for the efficiencJ- curve that does 
not necessarily reflect the physical processes involved in detecting the gamma- and x-ray emissions. 
However, in MGA we use a functional form that describes the three principal interaction.; involved in the 
detection process. These are 1) the detector efficiency, 2) absorption by cadmium (or other) filters, and 3) 
self-attenuation by plutonium in the sample. The following equation is used to describe these processes: 
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Aj =(z(pj,k Xd) - exp(-& ' CD) ' ((1 - exp(-& PU)/ & PU) * EG(1-b'E-c'E2) 
k = l  

P 

where Aj are the areas of ten peaks in the low-energy region of each spectrum, due to ='PU, 241Pu-237U, and 
Am and xk are the unknown amounts of these isotopes. The absorption coefficients, &. at each peak 

energy are known for Cd and Pu, but the thickness of the Cd filter and Pu sample thickness are usually 
treated as unknown variables. The final term in Eq. 1 describes the detector efficiency as a function of the 
energy, E, where the slope, b, and the curvature, c, are also usually treated as unknown variables. Equation 
1 is very nonlinear in form and therefore the variables, shown in bold, must be solved by an iterative least- 
squares method. The characteristics of Eq. 1 are shown in Fig. 2. The resulting curve for the total 
efficiency is used to detennine the relative efficiency values at the peaks of interest. 
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Figure 2. Plot of the three principal processes that 
characterize the low-energg 6'intrinsic efficiency 
curve 

Figure 3. a h  energy region shoffing components 
affecting the efficiency curve 

MGA obtains its analysis information from the low-energy regions, when they can be measured. However, 
improved results and additional isotopic information can be obtained from higher-energy regions (above 300 
keV). Because the gamma rays in this region are considerably less intense than those at lower energy, a 
large coax-type germanium detector should be used. By combining the data obtained from the second 
higher-energy region with data from the Iow-energy spectrum, not only are the results improved but 

- additional information is obtained. For example, the =*U abundance can be obtained from the 1001 keV 
peak, a more accurate analysis for 237Np is made, certain fission products can be detected and analyzed, and 
isotopic inhomogeneities in the sample can be detected. A separate intrinsic efficiency curve must be 
determined for the higher energy spectrum, as shown in Fig. 3. Like the low-energy curve in Fig. 2. the 
components of the efficiency are based on the physical processes involved in attenuating and detecting the 
gamma rays. 

Recently a need has been identified for peforming plutonium isotopic analyses of samples srored in lead-lined 
containers. The low-energy gamma rays are completely absorbed by the lead, rendering the low-energy 
spectrum useless. However, since MGA was already capable of analyzing high-energy spectra, a new mode 
of analysis could be implemented with only a little additional work. Therefore, latest version of MGA can 
now determine the isotopic abundances of plutonium samples stored in lead-line containers by analJ-zing only 
the high-energy spectrum. 

There is also current interest in using neutron coincidence methods to measure low levels of plutonium 
found in waste containers. However, isotopic information is needed io interpret the neutrm coincidence 
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measurements. Since high accuracy measurements are not required, the isotopic results need not be as good 
as for accountability measurements. However, significant efforts were devoted to “harden” the code to 
survive statistically poor data, or exit properly so that unattended measurements may continue. Our 
experience indicates that plutonium abundances of about 10 mg can be measured in counting times of 10-30 
minutes. 

In summary, MGA is a code that analyzes plutonium gamma-ray spectra to determine relative isotopic 
abundances. Its most important features are: 

Requires no calibration 
Measures almost any size and type of plutonium 
Uses the most intense regions of the spectrum 
Requires only a few minutes of measurement time 
Can attain accuracies of better than 1 % 
Determines the amounts, relative to Pu, of several other actinides, e.g. 235U. 238C, 237Np. and ’”Am 
Can measure the U/Pu ratio in mixed-oxide (MOX) samples 
Can be used to measure the Pu concentrations in solutions. Only a single source is required to perform a 
one-time calibration 
Runs on PC computers with short data-processing times 
Requires little or no user interaction. Several convenient user interfaces have been written to control 
analysis parameters and select spectra for analysis. Some versions are available commercially. 

0 
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Uranium Isotopic Analysis 

The traditional method for determining the 235U enrichment of a uranium sample based on gamma 
spectroscopy was call the “enrichment meter” method3. It was based on measuring the intensity of the 186 
keV peak and required a calibration, “thick” samples, and reproducible measurement conditions. A new 
method was developed, and incorporated into a code called MGAU4, which uses the data in the 89-120 keV 
region of a high-resolution germanium detector spectrum. It requires no calibration, can be used on any size 
sample, and is capable of 1 to 2% accuracies in a few minutes counting time. 

The daughter products of 238U emit two gamma 
rays in 89-100 keV region, one at 92.367 and 
the other at 92.792 keV. There are also Th and 
Pa x rays in this region due to the decay of 
23527 and its Pa daughter activity. However, 
since several of these peaks are very close in 
energy, a “response function” approach, similar 
to that used in the MGA, is used to unfold the 
overlapping peaks in this region. When this 
approach is used, the isotopic response curves 

determine the relative abundances of 235U and 
U. Response spectra for the 89- 100 keV 

region of a typical spectrum is shown in Fig. 4. Although the peaks are close in energy, an efiicierxy curve 
must be calculated for this region so that the relative intensities of the peaks in the various ‘‘response 
spectra” can be determined. 
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Figure 3 Screen display of isotopic response curve 
in the 89-100 ke\- region 238 
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Recent versions of MGAU are also capable of determining the 23sU enrichment of a sample by the 
traditional “enrichment meter” method of analysis. This method was implemented because it continues to be 
the only practical, nondestructive method for analyzing uranium samples that are not in equilibrium with 
their daughter products, or that are contained in thick, (highly absorbing) steel containers. However, the 
“enrichment method” does require a detector-system calibration before analyses can be performed on 
unknown samples. Furthermore, the method usually can be used only when measuring samples with several 
mean paths of sample thickness at the 186 keV gamma ray energy. 

The latest versions are also capable of analyzing samples containing thorium. Such samples produce several 
additional peaks, including thorium x rays that directly interfere with the peaks that =e analyzed in the 89- 
100 keV region. These versions also account f x  the daughter products interferences of 234U when analyzing 
samples containing U ore. 

Results we have obtained from many users and studies show that 

The method requires: 

The method does not require a calibration and can be used on samples of any size. 
235U enrichments can be determined with accuracies of 1-2% or better. 
The entire range from depleted to 93% enrichment can be measured. However, the measurement 
uncertainties increase at the extremes of this range. 
The optimum accuracy is in the 3-20% range of enrichments. 
Many measurements can be made in only a few minutes of counting time. 

--Parent-daughter activity equilibrium 
--A container wall thickness of less than about 10 mm steel 
--A high resolution Ge gamma ray spectrometer 
--That samples not contain Pu or significant amounts of other activities 

Summary 

MGA has had a long development history and has been subjected to many tests and used at many institutions 
including the IAEA and Euratom expection teams. MGAU is more recent, but has also been evaluated by 
many groups and organizations. Nonetheless, both of these codes continue to evolve as new applications 
and measurement conditions arise. Fortunately, more powerful computers are available to address our 
demands for larger codes and for faster calculations. Special efforts are continually made to minimize the 

. need for human interaction by incorporating decision logic into the codes. 
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