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Abstract
Layered Neural Networks, which are a class of models based on neural computation , are

applied to the measurement of uranium enrichment, i.e. the isotope ratio зз&и+ззеи+ззац • The
usual methods considere a limited number of f-ray and X-ray peaks, and requires previously
calibrated instrumentation for each sample. But, in practice, the source-detector ensemble
geometry conditions are critically different, thus a means of improving the above conventional
methods is to reduce the region of interest: this is possible by focusing on the region called KaX
where the three elementary components are present. The measurement of these components in
mixtures leads to the desired ratio. Real data are used to study its performance. Training is
done with a Maximum Likelihood method. We show the encoding of data by Neural Networks is
a promising method to measure uranium 23SU and 238{/ quantities in infinitely thick samples.

K e y WOrds NEURAL NETWORKS, MACHINE LEARNING, URANIUM ENRICHMENT, GENERALIZED
LINEAR MODELS.

1 Introduction

The objective of uranium enrichment measurement methods is to determine the jss и
ц+-гзбц+-гзлц

isotopic ratio. These methods, which were developed more than 20 years ago, are based on measure-
ments of the total energy absorption peak at 185,7 keV recorded with a sodium iodide scintillation
detector [1].

They require a prior calibration of the system and imply that the measurement conditions
are constant. Frequently, the matrix effects are avoided by measuring only samples said to be
infinitely thick : these are samples whose thickness is such that any further increase has no effect,
on the fraction of the 185,7 keV 7-ray emitted. Other methods have been developed using several
7-ray peaks [2]. In fact, these latter methods requires a self-calibration with a limited number of
peaks, making them difficult to implement. A means of overcoming calibration-related difficulties
is to reduce the region of interest of the spectrum so that the variation in the detector efficiency
is limited. This is possible by considering only the relatively complex region called KaX, which



extends from 83 a 103 keV where numerous 7-ray (Gaussian distribution) and X-ray (Voigt profile)
peaks are superimposed (figure 1).

The litterature concerned in calculation of uranium enrichment is vast and is expending rapidely.
We found the texts by Kull & Gunaven [3], and Neuilly [4] of particular interest. They propose a
method based on an ordinary linear regression with the enrichment E, as the dependent variable,
but they do not give any evaluation of their results. Liggett [5] provides an informal and readable
account of the possible future direction of the field : namely Maximum Likelihood Estimators.
In all cases, analysis are carried out in respecting two limitations : a constant variance over the
random error and the normality of these errors.

It is precisely in this context that a Neural Network appears to be a useful tool for the charac-
terization of so-called infinitely thick samples. From the statisticiens point of view,(Ripley, 1992),
ANNs belong to evaluation techniques for non-parametric models, still called tabula rasa. An Arti-
ficial Neural Network (ANN) consists of a large number of neurons, i.e. simple linear or nonlinear
computing elements, interconnected in complex ways and often organized into layers [6].
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Figure 1: (a) Mixtures of Experts model (b) 3D-Representation of the UOi spectra set.

2 A looking at Neural Networks methodology
The KaX region contains enough information to allow the determination of 235U and 238U and is
sufficiently limited that the efficiency can be, initially, considered as constant. It is however very
complex to analyze due to several interfering X- and 7-rays. Ten 20.000-second counts were made
for six uranium oxide standard and each of the obtained spectra was processed by our analysis
procedure. We have compared 2 regressions models using ANN with back-propagation of errors :
MLP model, where the input are spectal data and Mixtures of Experts model (figure ??.a) where
the input are the enrichment values. The training dataset consist in the previous 65 4096-channels
spectra, preprocessed to extract the KaX image.

MLP MODELE . This model consists of an input layer of 6 or 3 units leading up through one
layer of hidden units to an output layer of a single unit that corresponds to the desired enrichment.
This network represent a poor parametrized model, we must put the blame on the excessively
short size of the training dataset. Indeed, the basic design principle is to minimize the number of
free parameters that must be determined by the learning algorithm, without overly reducing the
computational power of the network. Decorrelation was performed by a PCA (Karhunen-Loeve
expansion). After 32.000 successful training passes, the error rate range from -0.05 to 0.04% for
the 6-3-1 net (from -0.031 to 0.061% for the 3-5-1 net). The aim of the second proposition is to



attenuate these error fluctuations.
JWIXTUH.ES OF EXPERTS MODELE (MEX)[7] . In this case, each item is associated with a vector

of measurable features, and a target y " which represents the enrichment. The network receives the
input x and create the output vector y as a predicted value of the unknown y . This model consists
of 210 independant fully-connected networks (figure 1) ; each of them is an observator, trying to
find a "signal" due to radioactive decay in a large amount of noise, the variance of each count
being proportional to the level and thus depends on the enrichment of a particular sample and on
the background level of the particular observation. One expert is put for one channel of the KaX
region. A cooperation-competition procedure driven by a supervisor between the expert's outputs
leads to the choice of the most appropriate concentration. The basic idea is that competition
leads to specialization, let y^, y^, • • • denote the output vectors of the experts, and <7i, </2i • • • the
supervisor output units, then the output of the entire architecture, y, is y = J3t-i 9>yi- The
supervisor decides whether expert 1 or expert 2 is currently applicable. The winning expert is the
network with the smallest error (y — yj).

Figure 2: (a) Absolute error in the enrichment estimation (b) Example of enrichment value (at
5,785 %) predicted by the Mixtures of Experts

3 Discussion
Redundances in the data-set enrichments present one main advantage : as we measure more than
one response for each case, information from all the measured responses can be combined to provide
more precise parameter estimation and to determine a more realistic models.

In all simulations, the measure of the system's performance is the Mean Square Error.
Figure 2.a and table 1 compares the results of the three models. The error between the predicted

and the desired enrichments is plotted for each of the 65 samples. The darkest line is put for
the MEX. The results suggest that the strong dispersion of the errors with MLP is significantly
attenuated when MEX is applied. This judgement must be moderated for the 6,122-enrichment-
ratio samples.

Figure 2.b shows the predicted enrichment value for each of the 210 experts when a (5,785%)
spectrum is presented to the MEX net. The credit assignement procedure on these 210 contribu-
tions is supervised to produce the final estimation. As noted above, after 32.000 successful training
passes, the larger errors were for 5,111 and 6,122% enrichments. The relative lack of precision can
be ascribed to the small size of the training dataset.



A comparison of the absolute error curves suggest that of the three system studied, the Mixtures
of Experts is capable of showing the most robust performance, but MLP networks can also learn
very accurately the set of training. In fact, the modular approach presents three main advantages
on the MLP models: it is able to model behavior, it learns faster than a global model and repre-
sentation is easier to interpret : the modular architecture takes advantage of task decomposition,
but the learner must decide which variables to allocate to the networks.

declared
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0,711%
1,416%
2,785%
5,111%
6,122%
9,548%

MLP 3-5-1

0.691-0.723
1.394-1.426
2.732-2.822
5.066-5.148
6.105-6.162
9.531-9.570

MLP 6-3-1

0.700-0.720
1.406-1.435
2.762-2.799
5.089-5.132
6.117-6.133
9.541-9.550

MEXs p = 10

0.702-0.710
1.406-1.416
2.784-2.790
5.112-5.136
6.088-6.112
9.542-9.552

Table 1: Min-Max of calculated Enrichments with MLP and MEX

4 Conclusions

We have studied the feasability of applying ANNs to uranium enrichment measurement. The
network is shown to be able to calculate 235U concentrations. Our results appear to be at the state
of art in automated quantifying methods for isotopes in a mixture of components. This method
has been demonstrated as a reliable tool for dealing with data from low resolution detectors even
in under adverse conditions. But, there is no single learning procedure which is appropriate for
all tasks. It is of fundamental importance that special requirements of each task are analyzed and
that appropriate training algorithms are developed for families of tasks. However an efficient use
of the networks requires as careful as possible analysis of the problem, an analysis that is often
ignored by impatient users.
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