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Orano Mining is currently testing the CeBr3 gamma-ray measuring device developed by ALT (Advanced Logic Technology) to estimate uranium content profile in boreholes. The Cebr3 probe is a spectrometer that records the energy distribution of incoming gamma rays from naturally occurring radioactive materials. Due to the presence of decay chain disequilibrium in roll-fronts, the need has indeed arisen to go beyond the total gamma count rate to estimate uranium concentration. New approaches are increasingly moving towards the exploitation of the full shape of recorded spectra [1]. However, this shape is not solely determined by uranium content. Geological (apparent density) and drilling (borehole diameter, probe shift from the wall) parameters might also influence it. Moreover, training and testing prediction algorithms calls for the creation of a database of realistic well logs where variables are allowed to vary along the vertical axis. The vast number of potential configurations along with the high computational cost of simulations makes it necessary to reduce the input space through global sensitivity analysis.

This study relies on the simulations of natural gamma-ray spectra using the Monte Carlo Radiation Transport (MCNP) stochastic code. Due to the high number of particle histories to track, running accurate MCNP simulations is computationally expensive, which constrains the size of the dataset. Given its reliable performance with limited sample sizes, we use the Hilbert-Schmidt Independence Criterion (HSIC) [2] to quantify input-output dependencies. Another one of its advantages, over Sobol indices for example, is that inputs are not assumed independent. Its recent extension to functional outputs based on the truncated functional Principal Component Analysis (fPCA) expansion [3] is particularly well suited for conducting sensitivity analysis on gamma-ray spectra, which are characterized by smooth curves with identifiable patterns. Findings indicate a significant global influence of uranium concentration, borehole parameter and probe position. Formation density has a negligible effect.

A key consideration in industrial applications is interpretability.  One advantage of fPCA-based HSIC is to allow examining which input preferentially drives each component. Input influences can thus be interpreted by looking at the global patterns of variation identified by the leading eigenvectors. We observe that the most contributing eigenvector is related to the size of the low-energy bump. This clarifies how the uncovered dependencies are mediated. The influence of uranium content can be linked to the self-absorption effect, and the impact of borehole diameter and probe position to the magnitude of Compton scattering in the medium.

We assess the validity of this interpretation through a second analysis. For each spectrum, we decouple the Compton continuum from the photoelectric peaks. The HSIC is computed for each part separately to determine how each input affects the shape of the spectra. The significant dependencies found between the shape of the Compton continuum and the inputs (apart from density) support the original interpretation.
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