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A Bayesian method for pulse shape and energy estimation for gamma spectrometry measurements using semiconductor detectors G. Montémont , M. Arquès and A. Mohammad-Djafari†  LETI-CEA Technologies Avancées CEA Grenoble, 17 rue des Martyrs, F38054 Grenoble cedex 9, France † Laboratoire Signaux et Systèmes, Supélec, Plateau de Moulon 3 rue Joliot-Curie, F91192 Gif-sur-Yvette cedex, France Abstract. The gamma spectroscopy principle is to evaluate a gamma ray energy by measuring the quantity of free charges generated by the gamma-ray absorption. Semiconductors like CdTe and CdZnTe are promising materials for this application. However, they encounter a major drawback: due to imperfections in their charge transport properties, the transient signal induced by a gamma ray has a varying shape. This phenomenon severely degrades energy resolution. The measured pulse amplitude depends not only on the gamma-ray energy but also on the interaction location. The aim of this paper is to present a new approach based on the Bayesian probabilistic inference, to estimate jointly the pulse shape and the energy. It brings a methodology for founding a relevant estimation of gamma-ray energy associated with a pulse. The pulse shape variability is modeled by assigning a prior probability law on his dispersion around its nominal shape. Then, using this prior knowledge and the observations, we tried to estimate jointly the pulse shape and its amplitude that correspond to the associated energy of the gamma-ray energy.



INTRODUCTION The aim of gamma-ray spectroscopy is to determine which energies constitute an incident gamma radiation. Application domains are nuclear industry, medical imagery and scientific instrumentation. One way of detecting gamma-rays is to use semiconductor detectors. The incident radiation generates in the semiconductor bulk electron-hole pairs. The number of generated charge carriers is proportional to the interacting gamma-ray energy and the charge is collected by applying an electric field between two electrodes deposed on the semiconductor. Thus, one can measure a transient pulse associated to the gamma-ray interaction. CdZnTe is a leading material for room-temperature gamma-ray spectroscopy. Its physical properties, such as high atomic number, high room-temperature resistivity and good electron transport properties are well-suited for this application. However, though recents technological improvements, CdZnTe still has some drawbacks. Hole transport properties are very poor and material bulk is not uniform. As a consequence of these physical defects, the obtained pulse shape is not constant. It depends on gamma-ray interaction location in the detector. In addition of this pulse shape uncertainty, the pulse signal is altered by an electronic noise. To compensate for the degradation induced by pulse shape uncertainty, two types of methods have been used: electrode design and



electronic corrections. The Frisch grid effect, obtained by modifying electrode design, allows a huge reduction of pulse shape variations [1] but the technological process is complex and expensive. Electronic correction techniques [2] are cheaper. They are based on pulse shape analysis techniques, with the aim of compensating for the effect of shape variations on energy estimation. As the main physical source of pulse shape variation is the carrier transit time, many pulse processing techniques rely on this information and use a pulse duration estimator [3, 5]. These methods are based on a simple but relevant prior knowledge and are quite efficients. Some refined methods use a parametrical pulse shape model prior [7, 8]. The main difficulty is then to find an accurate model of the pulse shape because physical behaviour of the detector is very complex. Neural networks have also been tested [6]. Their learning capabilities allow adaptation of the processing scheme to the real pulse shape evolutions. The main difficulty in our application is avoiding count rate limitation, so that we cannot use numerical iterative methods. We have to use direct estimators and to implement them with an analog circuit. Some approximations allow this direct estimation. The experimental results show that even this suboptimal approximate solution brings good performances. We have developed a new correction technique using Bayesian probalistic inference to estimate jointly the pulse shape and the energy. Our prior knowledge is then a probabilistic model. In the first part, we present the state of the art in terms of pulse processing methods for semiconductor detectors and we compare the different approaches. In the second part, the Bayesian framework is introduced. In the third part, we propose to use an appropriate entropic prior law for the pulse shape and we discuss its suitability to detector’s physical behaviour and apply Bayesian methodology to it. Finally, in a fourth part, we show some results on real data and comment on them.



BAYESIAN ESTIMATION The structure of our observation model is very simple:
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where E is the gamma-ray energy, S t  the signal shape and B t  the electronic noise. To simplify the notation, we use a vector representation of signals: X  ES  B or
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with i  1   n 
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where X, S and B are, respectively, vectors containing the samples (Xi  Si and Bi ) of the observed signal, the pulse shape and the noise.



Joint posterior probability law For estimating the energy E and the shape S, we maximize the joint posterior law,
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For spectrometric applications, we use a uniform prior law on E, e.g. P E  1  Emax on the interval  0  Emax  . Electronic noise is assumed to be additive, centered and Gaussian. Thus we have     1 t 1 P X E  S  ∝ exp X ES  ΓB X ES  (4) 2 where ΓB is the noise covariance matrix. To account for the variability of the pulse shape around its nominal shape S0 , we assign a prior probability law:
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where g is a function which increases when S j go farther from S0 j . Then, the joint probability of having an energy E and a shape S with an observation X is
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and the associated potential function is:
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Maximizing the posterior law P E  S X  is equivalent to minimizing the potential function F.



Joint MAP estimation system  The minimum of F is found by the system: !
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and if E" and "S are the optimal estimators and the shape, we obtain  of the energy 
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Solution The exact solution of the system should be found iteratively. For avoiding count rate limitation in online processing and for reducing processing time, we tried to obtain an approximate but direct solution and implemented the resulting algorithm via an analog circuit design. Our approximation is based on a low-noise hypothesis: a first order estimation of E" "S is given by the observation X. With this initial guess, we realize one iteration step of the gradient algorithm:
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where k is a scalar coefficient. Replacing it in the equation Xt ΓB 1 g$
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 0, we have
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GAUSSIAN PRIOR EXAMPLE    As a first example, we consider the case where g S j  S0 j 3 1  2 S j S0 j 
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which assumes that pulse shapes are distributed symetrically around the nominal shape S0 . To simplify the equations we assume also that the noise is uncorrelated (ΓB  Id). Then the Eqs. (10) and (11) become 4
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The first equation shows that the best estimate of the shape is a linear combination of  energy E" is obtained estimate of the data (X  E) and the a priori solution S0 . The best     from the second equation. If we note by M1 t 9;: X t  X t τ  dτ and by M 2  t  
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