RHF Single Element with Ultra-Sounds

Post Examination of the

Dans le cadre d'une étude sur le comportement des éléments combustibles après irradiation, l'ILL souhaite développer un dispositif capable d'aller mesurer la largeur du canal d'eau. Cette mesure permettra de caractériser le gonflement des plaques, inhérent à l'irradiation, ainsi que les modifications de structure (corrosion, décollement,…). Cependant, cette mesure de distance est délicate puisqu'une résolution de l'ordre du micromètre est recherchée alors que la dimension de l'espace inter-plaques est proche du millimètre. Les contraintes d'accès sont également difficiles du fait que l'élément combustible est placé à environ 5 m sous la surface de l'eau. En outre, tous les systèmes sont soumis à de fortes radiations.

Basés sur des méthodes magnétiques, capacitives ou optiques, des dispositifs permettent aujourd'hui de mesurer des distances avec une résolution nanométrique et avec des fonctionnalités pouvant être adaptées dans des conditions de températures et de pressions difficiles. Ces méthodes ne peuvent cependant pas être appliquées à des systèmes fortement radiatifs ou en immersion. Afin de répondre à cette problématique, deux transducteurs ultrasonores fonctionnant en émission-réceptions ont été conçus, étudiés et ensuite développés dans le cadre de cette thèse. Ces transducteurs sont montés sur une lame en acier inoxydable de 1 mm d'épaisseur afin d'autoriser l'accès à l'espace inter-plaques. Du fait de la haute résolution recherchée, les transducteurs sont excités à une fréquence au-delà de 120 MHz et intégrés dans un ensemble d'instruments de mesure comprenant un système d'acquisition haute fréquence, un traitement de signal de haute précision et une électronique spécifique développée pour améliorer le signal d'excitation.

Connaissant la vitesse du son dans l'eau et l'épaisseur de la lame, les transducteurs mesurent la distance inter-plaque à partir de la détermination du temps de vol entre l'émission d'un pulse ultrasonore et la réception des échos réfléchis sur la surface de chacune des plaques.

En hautes fréquences, la structure multicouche des capteurs joue un rôle dans la forme des signaux émis et reçus. En effet, lorsqu'une impulsion de tension est appliquée à l'électrode du transducteur, un champ électrique est créé faisant entrer l'élément piézoélectrique en vibration. L'onde ultrasonore produite par vibration de l'élément piézoélectrique se propage dans la ligne à retard en silice, ensuite se reflète partiellement sur la face interne de la silice tandis que le reste du signal se propage à travers l'eau pour se réfléchir sur la plaque combustible. Par réciprocité, chaque transducteur acquiert les échos réfléchis provoquant ainsi une déformation de la pastille piézo-électrique qui fait apparaître des charges électriques et donc une tension est générée à la sortie du transducteur. Du fait de la présence des différentes interfaces, un signal caractéristique de la structure du capteur est constitué d'une série de salves et acquit. Afin d'optimiser les propriétés géométriques et mécaniques des différentes couches des capteurs et d'identifier leurs influences sur la structure temporelle des signaux finaux, les structures multicouches ont été modélisées et des images acoustiques de microscopie ultrasonore ont été réalisées afin de vérifier la qualité des transducteurs (planéité, fissures…).

Une expérience in-situ conduisant à une première série de mesures de distance interplaque a été réalisée au sein de l'élément combustible irradié du réacteur à haut flux de l'ILL. Lors de cette expérience, le sabre instrumenté est guidé pour venir se positionner sur un canal d'eau. Il est ensuite glissé parallèlement aux plaques combustibles le long du canal d'eau pour effectuer des mesures en continu. De manière à autoriser la manipulation du capteur ultrasonore à une distance correspondant à la profondeur de l'élément combustible étudié (5 m sous l'eau), une extension tubulaire en acier inoxydable a été reliée au capteur. Les résultats obtenus durant cette expérience montrent clairement que, malgré la forte nature radiative de l'environnement, la qualité des signaux ultrasonores était suffisante pour assurer une identification stable des distances inter-plaques. Cette expérience a également prouvé que les différents composants du capteur ultrasonore, en particulier la ligne à retard en silice et l'élément piézoélectrique ont présenté une bonne tenue aux radiations. Bien que la validité des valeurs absolue obtenues doive encore être confirmée, l'excellente résolution relative, de l'ordre quelques microns, semble déjà permettre d'identifier des zones de rétrécissement de l'espace inter-plaque. La faisabilité de la mesure de la distance inter-plaque a donc été prouvée et les contraintes expérimentales liées au protocole de mesure ont été identifiées. La dépendance en température des mesures a été considérée comme un paramètre important nécessitant le développement d'un outil permettant la mesure de la température du canal d'eau. En effet, la précision de la mesure de distance dépend de l'évaluation du temps de vol d'une onde ultrasonore et de sa vitesse dans l'eau qui varie en fonction de la température.

Pour améliorer à la fois, la fiabilité et la précision, du système de mesure de distance, un dispositif permettant l'identification de la température du canal d'eau a été étudié, ensuite développé dans le cadre de cette thèse. Bien que les techniques de mesure de la température par contact (thermocouple, les sondes à résistance…) ou optiques (La thermographie infrarouge, la Microscope à thermoréflectance ...) peuvent être trouvées dans la littérature, nous proposons une technique basée sur l'analyse des composantes spectrales d'un signal acoustique qui se propage à l'intérieur de la structure du transducteur. En effet, lorsque les transducteurs sont immergés dans le canal d'eau, la variation de la température conduit à une dilatation thermique de leur structure multicouche, en particulier celle de l'élément piézoélectrique. La dilatation thermique de ce dernier a pour effet la variation de son épaisseur, la variation de la vitesse du son dans le matériau et par conséquent la variation de la fréquence de résonance du transducteur. Grâce à cette technique, une courbe traçant la variation de la fréquence de résonance du transducteur en fonction de la température a été réalisée à partir de laquelle la température de l'eau peut être déduite.

General Introduction

General Introduction

Historically, uranium enriched up to >90% 235 U has been used in peaceful applications for approximately half of the research reactors [1]. However, the use of High Enriched Uranium (HEU) for civil applications is considered as a proliferation concern. Since the 1970's, global efforts are being devoted to replace the highly enriched, low-density research reactor fuel with high-density, low enriched (<20% 235 U) fuel [2].

In this context, the Institute Laue-Langevin (ILL) committed for decades, under the Memorandum of Understanding (MoU) between the ILL and the US Department of Energy granted in 1998, to convert its reactor, the RHF (Réacteur à Haut Flux) into low enriched uranium (LEU) high density fuel. The RHF based in Grenoble, France, is a research reactor designed for neutron beam experiments for fundamental science. It delivers one of the most intense neutron fluxes in the world. The reactor has a single fuel element with 280 involuteshaped fuel plates and is moderated by heavy water. Now deeply engaged in the conversion process, the ILL has designed an optimized LEU fuel element, which increases the total amount of fuel without changing the external plate dimensions. This proposed design is based upon the high density LEU fuel being qualified [3]. However, the qualification of a new fuel is a real concern. Thus, post irradiation examinations (PIE) of the new fuel element have to be carried out in order to achieve the qualification process. Post irradiation examination techniques lead to a better understanding of materials behavior. Historically, these techniques have contributed to the development of the design and the operation of all reactor systems. There are two kinds of PIE techniques: destructive and non-destructive.

As the name suggests, destructive testing (DT) includes methods where the inspected material is broken down in order to determine its mechanical properties. Destructive testing techniques include micro structural studies, elemental and isotopic analysis, measurement of physical and mechanical properties, etc [4].

Nondestructive testing (NDT) is related to a wide group of analysis techniques used in science and industry to evaluate the properties of a material, component or system without causing any damage. Because NDT does not permanently alter the article being inspected, it is a highly-valuable technique that can save both money and time in product evaluation. Common NDT methods for fuel element inspection include dimensional measurements, oxide layer thickness measurements, gamma scanning and tomography, neutron and X-ray radiography, etc [4], [5]. The feasibility of these techniques (NDT and DT) for the RHF has already been assessed. The total cost of such a project would be tremendously high. Moreover, the implementation of these techniques may require very rigorous precautions to be used.

Distance measurement between fuel plates can provide an alternative solution to these issues. It will make possible the assessment of the fuel plate swelling, i.e. the cooling channel thickness variation. This parameter is rich of information especially regarding the element irradiation history. However, the inter-plate distance identification is difficult because a high resolution is sought due to the microscopic structure modifications of the plates while the inter-plate distance is close to two millimeters (nominal distance of 1.8 mm). Furthermore, the access of the involute curved fuel plates located five meters below the surface of the water pool is very difficult. The measurement devices will thus be subject to a high-level of radiations.

Several methods could be considered for performing distance measurements. Optical [6]- [8], magnetic [9]- [13], capacitive [14], or other [15] (micro-waves sensor, tunneling sensors…) devices might be relevant and reach today the nanometer resolution even in hightemperature and/or high-pressure environments. However, they may not be integrated between the fuel plates where space is very limited or may not meet the requirement for high radiations. Some of them cannot even be immersed.

Designing ultrasonic sensors seems to be a wise choice for measuring the inter-plate distance. Indeed the latter are widely used in industrial applications for measuring both distance and velocity in the propagation medium. Advantages of large number of ultrasonic sensors include their small size, simple hardware and radiation resistance. The operating principle is based on the measurement of the time of flight (ToF), that is, the time necessary for an ultrasonic wave to travel from the transmitter to the receiver after being reflected from the facing object. The object's distance is estimated from the product of the TOF and the propagation velocity of an ultrasonic wave. Different techniques can be used to generate ultrasonic waves. Among them, continuous wave [16] and pulse echo [17] techniques. In the first method, the transmitter generates a continuous output, whose echo is detected by a separated receiver. Accuracy depends on the measurement of phase shift between the transmitter and the received wave. With the pulse echo techniques a short pulse is generated, enabling the same transducer to be used both as a transmitter and as a receiver [18].

The solution proposed in this thesis is a double-sided high-frequency ultrasonic device. It includes two transducers designed to be set on both sides of a blade with the constraint of a 1 mm total device thickness. Based on the pulse-echo method, each transducer allows distance measurements through the recording of the time of flight (ToF) of the signal reflected from the fuel plates surfaces. To achieve the expected resolution, the system is integrated into a set of high frequency acquisition instruments and excited with frequencies up to 120 MHz.

In the framework of this research project, the developed transducers have been tested with success between fuel plates of High Performance Research Reactor spent fuel element, proving the feasibility of such challenging measurement. Moreover, it was demonstrated that the different components of the ultrasonic transducers showed good resistance to radiations. Furthermore, the quality of the signal to noise ratio was clearly sufficient to obtain a very stable estimation of the interpolate distance. Experimental constraints were also identified and the temperature dependence of the ultrasonic velocity has been considered as a crucial parameter. To ensure the reliability of the distance measurement, this thesis deals also with the development of a device allowing the measurement of the water channel temperature. While contact [19] or optical [20] methods can be found in the literature, we propose a new technique based upon the analysis of the spectral components of an acoustic signal that propagates inside the transducer structure, the dimensions of this latter varying with thermal expansion.

To improve measurements' reliability and accuracy, a second optimized device have been designed and manufactured, taking into account the feedback from the first measurement. This updated device has been tested in a second experiment performed within the RHF fuel element. During this latter, quantitative distance measurements were performed and appropriate distance measurement results compared to the values specified by the fuel plate manufacturer have been found. Moreover, the feasibility of the temperature measurements was also proved. Results clearly showed that in spite performing measurement, for a long time, in highly irradiative environment, the quality of the measurements was sufficient to ensure a stable identification of the water channel temperature while some flaws may still have to be corrected to perform an absolute measurement in future works.

Overview of the different chapters

The main objective of this thesis is to provide a tool for non-destructive post irradiation examinations of High Performance Research Reactor spent fuel elements with a microscopic resolution. A device using two ultrasonic sensors, radiation resistant, has been developed for such applications. Design, studies, modeling, manufacturing and experiments have been carried out to achieve this under collaboration between the Institute Laue-Langevin (ILL) and the Institute of Electronics and Systems (IES).

The first chapter of this document gives a detailed description of the high flux reactor and, in particular, of the fuel element in which the fuel plates are arranged. Then, it describes the conversion process of research reactors: from HEU to alternative fuels using LEU. In this context, post irradiation examination (PIE) of the new fuel elements have to be carried out in order to achieve the qualification process. Therefore, the last section of this chapter focuses on different post irradiation examination techniques, especially, on the relevant solution: Post irradiation Examination with Ultra-Sounds.

In the second chapter, the general principle of the high frequency ultrasonic device, developed for water channel thickness measurements, i.e. inter-plate distance measurements, is presented. Then, the ultrasonic device components, including the mechanical holding and the transduction element are described. The ultrasonic wavelength is sensitive to the transducers layers and the structure of the sensors plays a central role in the shape of transmitted and received signals. These latter were then simulated to predict their behaviors. After presenting and commenting the simulation results, the chapter describes the manufacturing process of ultrasonic device. This device is integrated to a high frequency electronic system.

The third chapter reports a brief state-of-the-art of the temperature measurement techniques. Then it focuses on the new technique of temperature measurement developed for the water channel temperature evaluation. Then, in order to evaluate the performance of the high frequency ultrasonic device, and deduce the error sources of the measurement system, the second section of this chapter presents an experimental set-up measuring the propagation velocity of the ultrasonic wave in water according to the temperature.

Finally, the fourth chapter presents the results obtained during the first experiment on a full size irradiated fuel element proving, thus, the feasibility of distance measurement. Then, the results of the second series of experiments are presented, including the water channel thickness and temperature measurements. Through this experiment, the feasibility of temperature measurement was proved and the first series of quantitative distance measurements were obtained. At the end, the experimental constraints are identified.

Chapter I Background

I. Introduction

In a combined effort to minimize nuclear proliferation risks, most worldwide research reactors (RR) have joined in a common project, since the 1970's, to decrease the enrichment of their fuels [1]. This project aims at replacing Highly Enriched Uranium (HEU) fuel in many civilian applications by Low Enriched Uranium (LEU) fuel. The conversion project includes the development of high-density fuels to replace the low volume-density (mostly) UAlx based HEU fuels. This led to the development and qualification of an U 3 Si 2 based dispersion fuel [2]. Most reactors were converted to Low-Enriched Uranium (LEU) using U 3 Si 2 [3] , [4]. However, for the high performance reactors, the conversion could not be achieved without bearing unjustifiable performance losses with the existing fuels. As a consequence, a new high density (7.5-8.5 g/cm3) dispersed fuel based on a mixture of uraniummolybdenum (UMo) is expected to allow the conversion of compact high performance reactors [5] like the High Flux Reactor (HFR) of the Laue Langevin Institute (ILL) based in Grenoble, France. The dispersed UMo fuels possess acceptable irradiation stability, mechanical properties and corrosion resistance [6]. Nevertheless, the UMo dispersed fuel is not yet experimentally validated. Prior experiments have shown that dispersion UMo fuel can suffer a problem of swelling under irradiation [7], [8]. Fortunately, the swelling problem is controlled by the addition of Silicon to the aluminum matrix. That is the reason why the ILL decided to participate to the HERACLES program, launched in 2013 to develop a detailed roadmap focused on U-Mo dispersion fuel qualification and European High Performance Research Reactors (EU HPRR) conversions.

Thanks to a huge amount of work, the ILL and the Argonne National Laboratory (ANL) have collaborated to investigate LEU designs for the RHF reactor [9]. A promising candidate has been selected and studied. It allows an increase in the total amount of fuel without changing the external plate dimensions.

Nevertheless the LEU fuel qualification for a high performance reactor is not a trivial process. Post irradiation examinations (PIE) of the new fuel element will have to be carried out in order to achieve the qualification process. This is a strong caveat for the ILL because no PIE solution is available yet for the RHF fuel elements. The most relevant way to examine a fuel element is to carry out destructive PIE. The feasibility of this idea for the RHF has already been assessed. The total cost of such a project would be tremendously high.

That is the reason why an alternative solution has been considered: a robust device, based upon ultrasonic probes, adapted to the high radiation environment and thin enough to be inserted between two fuel plates. This is the PERSEUS project for Post Examination of the RHF Single Element with Ultra-Sounds. Design, studies, modeling, manufacturing and experiments were carried out during this thesis.

First, this chapter will describe the fuel design of the RHF reactor, in which thin curved plates, containing HEU dispersed fuel, are arranged in tube-type assemblies (fuel element). Then, background information on the conversion of research reactors operating on HEU to alternative fuels using LEU will be presented. In order to achieve the qualification process of designed RHF LEU fuel element, post irradiation examinations (PIE) are needed. In the remained of this chapter most attention will be focused on different post irradiation examinations, especially, on the relevant solution: Post irradiations Examination with Ultra-Sounds.

II. The High Flux Reactor (HFR) 1. General description of the installation

The High Flux Reactor (HFR) of the Institute Laue-Langevin (ILL) is made of a unique fuel element of high enrichment Uranium cooled by heavy water (see Figure 1). It delivers one of the most intense neutron fluxes worldwide, with an unperturbed thermal neutron flux of 1.5 x 10¹ 5 n/cm²/s in its reflector. The reactor thermal power is 58.3 MW. However, in order to improve the fuel cycle efficiency, ILL usually decreases the power of the reactor to a thermal power of 53.3 MW (nuclear power 52 MW). Therefore, the reactor can continuously operate for 50 day cycles, followed by a shutdown to change the fuel element. In addition, there is a longer shutdown to enable necessary maintenance work to be carried out. Normally there are 4 cycles a year, providing 200 days of neutrons to a suite of 40 high-performance instruments. The reactor has only one fuel element, based upon the Oak Ridge National Laboratory High Flux Isotope Reactor (HFIR) design [10]. The heavy water tank of 2.50 m diameter, containing the fuel element, is surrounded by a light water pool which ensures the biological shielding. This water pool has a diameter of 6 m and a height of 14 m and it is placed at the center of a 60 m diameter cylindrical building. The reactor is controlled by bars absorbent of neutrons that are extracted during the consumption of uranium. It also has 5 safety bars (absorbent of neutrons), whose function is the emergency shutdown of the reactor. The neutrons produced by the uranium fission are extracted from the pile using beam tubes. The fission neutrons have a very high energy and must be slowed down by heavy water in order to be useful for scattering experiments on the ILL instruments. Three devices close to the fuel element can also produce hot neutrons (10 km/s) as well as cold and ultra-cold neutrons (700 m/s and 10 m/s): The hot source is made of a graphite sphere maintained at 2000 °C. Then, the more important of the two cold sources consists on a sphere containing 22 liters of Deuterium maintained in the liquid state at 25 K. Neutrons are then collected by twenty channels, some of which point on the colds sources and others on the hot ones. These channels are extended by neutron guides to feed experimental instruments out to 100 meters from the reactor [11].

The fuel element

The fuel designs differ from reactor to reactor, but can be classified as rod -or plate type. In Europe, most research reactors use plate-type fuel, in which thin plates (flat or curved), containing fissile material, are arranged in assemblies (box-or tube-type or even more complex). Most of the fuels are dispersion fuels in which the fissile material is dispersed in a matrix, mostly Al (a few exceptions exist to this, eg. Zr, ZrH, SS, …), with an Al alloy cladding [12].

Dispersion fuels in general, consist of fuel-bearing particles dispersed in a metallic, ceramic or graphite medium. The basic idea of a dispersion fuel is to isolate the fuel particles so that a substantial volume of the matrix remains undamaged by the fission products that are ejected out of the fuel kernel. Fission products have a large kinetic energy creating defects in the matrix able to compromise the mechanical stability of the fuel plate. Therefore, in dispersion fuels, the fuel particles are contained and/or restrained, allowing much higher burnups than would be possible in bulk fuel [13].

Uranium aluminide-aluminum (UAl x /Al) dispersion fuels were used as a high-enriched fuel in many moderate-and high-power reactors around the world, namely the High Flux Reactor (RHF Grenoble).

The uranium aluminide is fabricated from a melting and casting operation and as a result usually contained a mixture of UAl 4 , UAl 3 and UAl 2 (a typical composition is around 63% UAl 3 , 31% UAl 4 and 6% UAl 2 ). Such a composition is referred to as UAl x [7], [14].

The fuel plates

To produce a fuel plate, a hot roll-bonding process is used: an assembly of a cladding plates curved around a picture frame in which a pressed compact of fuel-matrix mixture is put is hot and cold rolled to a full-size fuel plate. The middle part of the plate, containing the fissile material, is called the "meat" (see Figure 2) [13]. The fuel plates have a meat containing an enriched (93% 235 U) uranium-uranium alloy (UAl x ), which is entirely covered with aluminum. The experimental fuel plates fabricated to be irradiated at the RHF are typically curved and have the following dimensions: 903 mm length, 69.54 mm width and a thickness of approximately 1.27 mm. The core, containing the fuel, is located in the central part of the plate and has following dimensions: nominal length ~800 mm, width ~65.14 mm. The nominal thickness of the core is approximately 510 μm. Boron-10 burnable poisons at the tops and bottoms of the fuel plates are also manufactured (see Figure 5). 

III. Conversion into LEU high density fuel

Because of the proliferation risks associated to the high enrichment of the fissile material used, many programs were established for the enrichment reduction. These programs have been aiming at developing technologies to replace the high enriched uranium by a lowenriched one (less than 20 wt% 235 U). The European (EU) program HERACLES (Highly enriched European Reactor Action for their Conversion into Lower Enriched Solution) and the United states (US) program RERTR (Reduced Enrichment for Research and Test Reactors) are the most active today [1].

The States committed to minimize the use of HEU through the conversion of reactor fuel from HEU to LEU, where technically and economically feasible. This conversion can be achieved by:  Increasing the U loading in the used fuels to the highest technological possible level. For UAlx/Al this means a limit of 2.3 gU/cm 3 .  Changing the fuel material into another material with a higher uranium density.

All research reactors that required uranium densities lower than the technological limit were converted. For the other research reactors, needing a higher uranium loading, the high density LEU fuels are still being developed. High density of uranium in the dispersion can only be achieved by using the dispersion of fissile compounds with high uranium content. The uranium silicides and U 6 Fe compounds were initially considered promising. However, results of the irradiation performance of fuel plates is determined by excessive plate swelling, usually induced by unstable behavior of the fuel (formation of interaction layers and/or huge fission gas bubbles).

As an alternative fuel material, U 3 Si 2 alloy dispersion in aluminum loading to 4.8 gU/cm 3 , has been developed, tested and found stable under irradiation in plate-type configurations. The U 3 Si 2 fuel was approved, by the U.S. Nuclear Regulatory Commission in 1988 [2], for a general use. The development and the qualification of the LEU U 3 Si 2 fuel have led to the conversion of nearly 90 % of the research reactors. However, many research reactors are awaiting a high-performance technology solution, needing a uranium density of 6-9 gU/cm 3 . In Europe, these reactors are: BR2 (Belgium), RHF (France), FRM II (Germany) and Orphee (France).

In present state, the nearest alternative to be commercially deployed is the UMo alloy, which enables to achieve a density near to 8 gU/cm 3 . This fuel is thus considered as one of the most promising candidate to convert the remaining high flux reactors, thanks to its good irradiation performance. However, it is not a commercial fuel yet.

IV. LEU Uranium-Molybdenum (UMo) alloy

High-density LEU fuel systems based on uranium-molybdenum (UMo) alloys are now under development for use in many high performance research reactors in the world. Uranium alloyed with molybdenum (Mo) possesses acceptable irradiation stability, mechanical properties and corrosion resistance [15]- [17]. Although it is a promising fuel, UMo dispersion fuel steel needs to be qualified for high performance research reactors. Several screening test were performed to assess the UMo alloys suitability.

Two LEU fuel systems based on the UMo alloy are now under development:

 Monolithic UMo fuel: Metallic UMo foils with a uranium density of 15.5 gU/cm 3 .

An LEU fuel system based on this material is being developed mainly for conversion of the U.S reactors [18].

 UMo dispersion fuel: An UMo alloy dispersed in an aluminum matrix with uranium densities up to 8.5gU/cm 3 . The conversion of the RHF and other reactors (BR2 1 and JHR 2 ) are being developed based on this LEU fuel. 

U(Mo) dispersion fuel performance

UMo dispersion fuel has shown some limitations under high temperature and burnup conditions. These limitations, inducing microstructural changes, have been shown during the initial irradiations of fuel elements containing UMo dispersions:

Interaction layer (IL) (see Figure 8): The formation of interaction layers at the interfaces of the U-Mo particles and Al matrix during irradiation is one of the challenging issues in the development of dispersion fuel. The formation of such an IL, which has been proven to be amorphous [7] [20], is substantial impact on the fuel plate behavior. The formation mechanism of interaction layers is mainly due to the interdiffusion of the U(Mo) fuel and the matrix. This interdiffusion may be simulated out-of-pile by thermal activation [21] [5]. However, it was proved that for research reactors, generally operating at low temperatures, it is likely that the formation of the interaction layer in-pile is not resulting from thermally driven diffusion. It should be concluded that the formation of an interaction layer in-pile is mainly resulting from intermixing of the fuel and matrix as the interface is bombarded by fission products [14].

A significant amount of effort and research has been applied towards finding a remedy to stabilize the in-pile U(Mo) behavior. Recent developments focus on the addition of Si to the Al matrix of the fuel. The addition of these small amounts (~2 %) silicon to the aluminum phase was found to suppress the development of this interaction layer at burnups of up to 70 %. However, test irradiations (called E-FUTURE) of this fuel material at high power (~ 500 watts per square centimeter [W/cm 2 ]), high uranium loadings (> 8 gU/cm 3 ), and high burnup (> 70 %) resulted in the formation of small blisters on the fuel plates [15], [22], [23].

As an alternative solution, the Si coating of fuel particles, by means of physical vapor deposition, was also considered and tried internationally. Follow-up experiments, under the SELENIUM project "Surface Engineering of Low Enriched Uranium-Molybdenum", were performed in 2011-2012. The post-irradiation examinations, of the tested fuel plates, showed that typical swelling has occurred and no pillowing has been observed on either plate [19]- [21].

Recrystallization (figure 9): The classification of the fission products in nuclear fuel is mainly based on their chemical state [9], [24]:

 Solid fission products: Some of these solid fission products will remain in solid solution during operation while others will form metallic or oxide precipitates (only in ceramic oxide fuels).  Volatile fission products: The most abundant gases created from fission are the noble gases Kr and Xe (approximately 1/3 of all fissions). These gases, being largely insoluble in all materials, tend to precipitate into small gas bubbles and have a large impact on the microstructure and the swelling.

In fact, at high burnup, U-Mo fuel exhibits some form of recrystallization, by which fuel grains are subdivided. The effect of grain subdivision is to effectively enhance fission gas bubble swelling due to increased grain boundaries [24].

Porosity (figure 10): Initial irradiation testing of U-Mo dispersion fuels with pure Al as the matrix indicated that porosity, filled with fission gases, can be found between the matrix and the IL. This porosity may result in pillowing and eventual failure of fuel plates [25]. 

U(Mo) plate swelling:

Suitable irradiation behavior of dispersion fuel means:

 Dimensional stability of the fuel plate to high fissile burn-up, under expected operating conditions. No significant changes in reactivity and coolant flow must be resulted.  The absence of cladding failure to preclude fission product.

The dimensional changes of the fuel plate are often caused by an increase in the fuel/meat thickness, while the cladding volume is almost unaffected by irradiation. The meat swelling in U(Mo)/Al dispersion fuel is defined and quantified as consisting of two main contributions; one part caused by accumulation of fission product elements (solid and gaseous), and the other by fuel microstructural changes which include the formation of an interaction layer and porosity. Generally, the swilling phenomena depend on the local fission density.

Fuel swelling by gaseous fission products is considered the greatest factor that influences fuel performance. This swelling is affected by many parameters including burn-up, temperature, fission yield, etc. At low burn-up, the volume of gaseous fission products inside a fuel particle is considered as porosity. With increasing fission density, the gas bubbles grow and contribute significantly to the fuel swelling [26] [27].

The volume change, due to solid fission products that precipitate, is affected by the partial volume of the solid fission product. The volume partial of these products can be larger than the host material's partial volume. This phenomenon leads to a net swelling.

The third phenomenon causing the fuel plate swelling is related to the formation of the layer around the fuel/meat resulting from the interaction of the fuel with the surrounding matrix during irradiation. If the density of this IL is not the same as the average of the reaction constitutes this would contribute to the overall swelling.

V. Need of Post Irradiation Examination on the RHF LEU fuel elements

This section is largely based on following publications [28][29].

The RHF is currently fueled with a 93 percent enriched UAlx-aluminum dispersion fuel with boron-10 burnable poisons at the tops and bottoms of the fuel plates. The RHF is used as a neutron beam source, and a key requirement for conversion is the preservation of "brightness" (i.e., intensity) of these beams and the reactor cycle length. The neutron brightness is a flux divided by an energy range and a solid angle. This brightness is recorded at the entrance of the ILL neutron guides, within the beam tubes. Thus, the Figure of Merit which serves as a basis for the performance evaluation is based upon variation of both the neutron fluxes and brightness in key locations. A normalized weight, which corresponds to the number of allocated beam time days at each location, has been applied to the calculation results. The nuclear reactor power, related to the cycle length, is taken into account in the flux / brightness normalization factor as a proportional value (in first approximation). Thermal hydraulics calculations have also been carried out in order to check the feasibility of the conversion and its impact on the steady state safety margin. More details in [30].

To meet the RHF reactor conversion objectives, a new fuel element design is performed that could safely replace the HEU element currently used to the use of the dispersed UMo LEU fuel. The proposed LEU design has been called TOUTATIS (French acronym: Traitement Optimisé de l'Uranium et Thermique Améliorée pour une Technologie Intégrant la Sûreté) and is being qualified by the HERACLES group.

The HERACLES program was launched in 2013, where CEA3 , CERCA 4 , ILL, SCK-CEN 5and TUM6 have team-up to optimally share experience and equipment. The US/DoE is a partner of the HERACLES program. Dispersed UMo is one of the three options selected by the HERACLES group, besides high density U 3 S 2 and monolithic UMo. The group is actively developing a strategy, a road map and timeline for the future of UMo dispersion fuel development, as well as for designing further experiments, industrialization of the production processes (power and/or plate), qualification of the fuel system and the production route, etc [31]. The ILL conversion is thus strongly dependent upon the success of the HERACLES irradiation experiments.

The new RHF fuel element design has been developed to maximize performance, minimize changes and preserve strong safety margins. Neutronics and thermal-hydraulics models of the RHF have been developed and qualified by benchmark against experiments and/or against other codes and models. The models developed were then used to evaluate the RHF performance if LEU UMo were to replace the current HEU fuel 'meat' without any geometric change to the fuel plates. Results of these direct replacement analyses have shown a significant degradation of the RHF performance, in terms of both neutron flux and cycle length. Consequently, Argonne National Laboratory (ANL) and ILL have collaborated to investigate alternative designs. A promising candidate design has been selected and studied. In this design, the fueled height of the reactor core will be increased by eliminating the burnable poison zones at the tops and bottoms of the fuel plates. (These poisons will be moved to another location in the reactor) (see figure 11). With this new design, neutronics analyses have shown that performance losses could be limited to 10% or less. In addition, studies have shown that the thermal-hydraulic and shutdown margins for the proposed LEU design would satisfy technical specifications. The slight loss of brightness can be compensated for by increasing the beam times for some experiments, but it will not affect overall throughput of experiments in the reactor. Nevertheless there are still a number of caveats which are conditions for the RHF possible conversion, like success of the HERACLES experiments, the commercialization of the UMo, the experimental validation of the UMo in normal and transient operating conditions and eventually the approval of the French Safety Authority.

Achieving a new fuel qualification is a real challenge. Thus, post irradiation examinations (PIE) of the new fuel element will have to be carried out in order to achieve the qualification process. The PIE will concern irradiated fuel elements parameters of crucial importance:

 The fuel plates swelling, i.e. the water channel thickness variations, which is one the most unwanted behavior of dispersed UMo. The impact on reactor safety by lowering the cooling efficiency is obviously dramatic.  The aluminum oxide layer growth on all the fuel plates. Indeed, most research reactors are used aluminum alloys as fuel cladding material, due to its high thermal conductivity and low neutron absorption cross section. Of course, the fuel must operate at low-enough temperatures to be compatible with aluminum. Aluminum alloys undergo oxidation, even at room temperature, if oxygen is available. They produce a protective oxide (Al 2 O 3 ) of which the growth rate saturates in a short time.

The protective oxide, however, degrades in water over time by the formation of various oxide-hydrates at the outer surface, leaving only a thin protective Al 2 O 3 layer on the aluminum surface [32]. Thus, the formation of oxides on the cladding affects fuel performance by increasing fuel temperature. The most frequently found oxidehydrates are boehmite (Al 2 O 3 .H 2 O) and bayerite (Al 2 O 3 .3H 2 O) [33]. In the RHF reactor, these (hydr) oxide layers that may grow up to thicknesses of 10-20 μm, have a tremendous impact on the thermal-hydraulic margins. It must thus be characterized with the highest available accuracy for ensuring the best available safety of the RHF facilities.  The interface between the cladding and the meat, where fission gas bubbles may grow and lead to pillowing effects for example. 

VI. Post Irradiation Examination

One of the main conversion prerequisites is the qualification of the new fuels supplied for research reactor core. Fuel performance qualification is limited to the Post Irradiation Examinations (PIE) performed to demonstrate that the new product can be used as a driver fuel in one or more reactors and meets the specified requirements.

In more details, Post Irradiation Examination is the study of nuclear fuel and structural components after irradiation in the reactor. PIE of fuel helps to evaluate performance and analyze failure of reactor operated fuel elements. Moreover, the PIE aims to collect data on various performance parameters such as, swelling, fission gas release and dimensional changes. PIE provides also relevant feedback to the fuel designer, the fuel fabricator and the reactor operator to aim for zero fuel failures and improved fuel performance.

Post Irradiation Examination of the irradiated nuclear fuel is categorized in 3 items:  Non-Destructive Techniques (NDT) in hot cell, such as: visual inspection [34], BONAPARTE measuring bench [35], Gamma spectrometry [36]- [39] and burnup profilometry [14]. With the Non Destructive Examinations (NDE), the fuel plates remain intact.  Destructive Techniques (DT) in hot cell, such as: optical microscopy (OM), scanning electron microscopy (SEM) [START_REF] Mamullen | A simple rising-edge detector for time-of-arrival estimation[END_REF], [41], electron-probe microanalysis (EPMA) [42], [43] and X-ray diffraction [START_REF]X-ray Powder Diffraction (XRD)[END_REF]- [START_REF] James | X-ray Diffraction[END_REF]. These destructive examinations need working out on the material, thus they eliminate any return to integrity.  Underwater inspection covers various examination items physically and/or mechanically, such as [START_REF] Sears | Post-irradiation examination of uranium-molybdenum dispersion fuel irradiated to high burn-up in NRU[END_REF]- [START_REF]Fuel Management and Handling: Proceedings of the International Conference Organized by the British Nuclear Energy Society and Held in Edinburgh[END_REF]: o Gamma spectroscopy for the fuel assembly, o Visual inspection by a mean of a radiation resistant underwater camera. Video imaging can provide information about the general structural conditions of the fuel and an estimate of breached cladding and exposed fuel meat. o Dimensional measurement and geometrical change inspection, etc.

The following sections will describe briefly the most used techniques of the Post irradiation examination: the non-destructive and destructive techniques.

Non-Destructive analyses

Visual inspection in hot-cell

Visual inspection consists in video recording and photographing fuel plates and/or fuel pins in the hot cells, to document their general aspect and the nature or type of damage suffered, namely that caused by irradiation (oxide layer,…). In addition, the visual inspection system is used to check the general conditions of the fuel assembly (physical integrity, fuel metallurgical defects, welding failures…) [34], [START_REF] Serna | SICOM: On-site inspection systems XA0201387[END_REF], [START_REF] Delfin | Visual inspection system and sipping design for spent fuel at Triga Mark III Reactor of Mexico[END_REF].

BONAPARTE measuring bench

This section is based on following publications [35].

The BONAPARTE (Bench fOr Non-destructive Analyses of Plate And Rod Type fuel Elements) measurement bench is installed in a hot cell licensed for accepting both intact and defective fuels (plates and rods). The bench consists of a modular fuel plate clamping system which allows plate rotation (only for curved fuel plates and rods) and a modular measurement head with motorised X-and Y-movement (Y-movement only used for flat fuel plates). Positioning feedback is provided to the stepper motors by a magnetic ruler system based on the Sony Magnescale product line. This allows repeatable positioning of the measurement head to within ±100 μm (68% confidence interval) on a plate (see Figure 12).

The measurement head on the BONAPARTE bench holds probes for plate thickness and oxide thickness measurements. The latter can be performed simultaneously on both sides of the fuel plate. In addition, it can also house a video camera for visual inspection of the plate.

The oxide thickness measurement is based on the eddy current (EC) principle. EC probes measure the distance to a conductive material. When in contact with a material surface, they therefore directly provide a value for the thickness of any non-conductive layer on that surface (e.g. the oxide layer). The probes consist of a ferrite core with an electrical coil surrounding them; with a ceramic top pushed against the measured surface. Calibration is performed using certified Mylar foils or alternatively using a well-characterized oxidized surface of cladding material.

Plate thickness measurements are done using two opposed, customized Sony Magnescale contact probes, whose measurement principle is based on a magnetic ruler. Ceramic thickness reference samples are used to calibrate the probes. 

Gamma spectrometry

This section is based on following publications [36]- [39].

The fission power of the fuel plates is a basic vital quantity both to judge on the fuel plate behavior and their specification in terms of safeguards.

Quantitative determination of this fission power can be performed by Gammaspectrometry. This measurement technique has the advantage:  to be non-destructive, hence to be reversible and applicable at intermediate irradiation stages;  to be fast;  to generate at the same time reliable quantitative data on total fuel plate fission power, the fission power profile along the plate, the axial profile of individual radionuclides, hence allowing to recognize fission product migration.

The Gamma spectrometric methodology relies on the sequential measurement, within a fixed collimated geometry, of the fuel plate under examination and a calibration source. From these measurements the absolute concentration of fission products inside the fuel, and hence the fission power, can be obtained.

Two methods of Gamma spectrometry can be employed:

 Distribution of the total activity: it consists in reporting the axial distribution of the total gamma activity emitted by the fuel plate.  Distribution of the specific activity: opposing to the total activity, this method consists in reporting the axial distribution of a specific nuclide such as Cs or Zr. The gamma spectrometry allows accurate determination of the meat position, size and shape inside the plate by mapping out the 137 Cs distribution.

Burnup profilometry

A model of RHF including detailed axial and radial fuel burn-up distributions in the core has been developed using MCNPX 2.6f and ORIGEN 2.2.VESTA codes [29]. MCNPX is a general-purpose Monte Carlo radiation transport code for modeling the interaction of radiation with everything. MCNPX stands for Monte Carlo N-Particle eXtended [START_REF][END_REF]. It is also capable of simulating particle interactions of 34 different types of particles (nucleons and ions) and 2000+ heavy ions at nearly all energies. Fuel depletion, actinide transmutation and fission product buildup and decay are calculated using ORIGEN 2.2.

VESTA is a Monte Carlo depletion interface code that is currently under development at IRSN (France). It also offers users a wide array of general modeling features for a complete and detailed description of the irradiation environment. This includes temperature changes, material changes and even geometry changes that for instance allow a user to modify the position of a control rod during an irradiation cycle [START_REF]VESTA 2.1.5, Monte Carlo depletion interface code and AURORA 1.0.0[END_REF]. The RHF MCNP model has been benchmarked with series of measurements carried out by the ILL and validated in the International Handbook of Evaluated Reactor Physics Benchmark Experiments (IRPhEP), published by the Nuclear Energy Agency (NEA) in 2009.

In this model, all in-pile elements have been taken into account, i.e. all beam tubes, safety rods, cold and hot neutron sources, etc.

Microscopy acoustic

The acoustic microscopy is a non-destructive technique sensitive to variations of mechanical properties of a material. The essential component of the acoustic microscope is a piezoelectric thin film transducer whose thickness depends on the frequencies to be used. It transforms a high frequency electrical signal into an ultrasound wave propagating at the same frequency. The piezoelectric element is located on a small rod of silica that acts as an acoustic delay line. To focus the acoustic beam a spherical cavity is drilled onto the other face of the rod (see Figure 13). These focused sensors make possible to probe the mechanical properties of very small volumes whose diameter is given by the Rayleigh diffraction. The best performing acoustic microscopes allow now to obtain a resolution of one micron at 1GHz.

High-frequency acoustic waves do not propagate in air and a coupling liquid is necessary to transmit the acoustical signal from the lens to the sample. This fluid plays a fundamental part in the resolution of the acoustic microscope. It is the attenuation in the liquid that determines the highest frequency and the shortest wavelength that can be used, and therefore the best resolution that can be obtained. Water is employed in the majority of applications. The acoustic microscope can work in two modes: reflection and transmission. In the reflection mode, the acoustic microscope operates with a single transducer for transmitting and receiving the acoustic signal. In transmission, two transducers are symmetrically arranged with respect to the sample to be studied. The object's acoustic image, in a plane parallel to its surface, is called C-scan image. This image is obtained by mechanically scanning the sample in two directions (x-y) perpendicular relative to the transducer. Each pixel of the images corresponds to the amplitude of the reflected beam which is coded according to a gray level scale. When the acoustic wave is focused at the surface of a plane sample, the gray levels correspond to the location of areas with different mechanical properties.

Acoustic image performed in a plane perpendicular to the object surface, is called B-scan image. This image is obtained by moving in a direction to get either a cross section image in X or Y direction. The depth of different structures can be measured [START_REF] Da Fonseca | Scanning Acoustic Microscopy-recent applications in materials science[END_REF]- [START_REF] Laux | Ultrasonic study of UO2: effects of porosity and grain size on ultrasonic attenuation and velocities[END_REF].

Destructive analyses 5.6 Optical microscopy (OM)

Optical microscopy gives information about structure morphology like cracks, bubbles or manufacturing porosity, grain geometry (size, distribution spectrum…). Optical microscopy allows magnification up to 1000 with lateral resolution of 1μm.

Scanning electron microscopy (SEM)

The microstructure of fuel plates can be analyzed by Scanning Electron Microscopy (SEM). The SEM uses a focused beam of high-energy electrons to generate a variety of signals at the surface of the sample. The signals that derive from electron-sample interactions can reveal information about the morphology, the crystalline structure and the orientation of materials, on polish sample or fracture surface. SEM magnification is up to 10.000 with lateral resolution of 0.05μm [START_REF] Mamullen | A simple rising-edge detector for time-of-arrival estimation[END_REF], [41].

Electron-Probe Microanalysis (EPMA)

The Electron Probe Micro-Analyzer is fundamentally the same as the SEM, with the added capability of chemical analysis. The EPMA is able to give precise quantitative elemental analyses and detailed images of a very small sample. It also allows much higher resolution images to be obtained than can be seen using visible-light optics. Therefore, features that are irresolvable under a light microscope can be readily imaged to study detailed micro-textures.

X-ray diffraction

X-ray diffraction (XRD) is a rapid analytical technique primarily used for phase identification of a crystalline material and can provide lattice parameter determination and micro distortion detection. These X-rays are generated by a cathode ray tube, filtered to produce monochromatic radiation, collimated to concentrate, and directed toward the sample. The interaction of the incident rays with the sample produces constructive interference (and a diffracted ray) when conditions satisfy Bragg's Law (nλ=2d sin θ). These diffracted X-rays are then detected, processed and counted. By scanning the sample through a range of 2θ angles with a horizontal theta/theta goniometer setup, all possible diffraction directions of the lattice should be attained. A 500 μm beam size can be achievable for local data collection [START_REF]X-ray Powder Diffraction (XRD)[END_REF]- [START_REF] James | X-ray Diffraction[END_REF].

Note:

To summarize, the use of non-destructive and destructive techniques is often necessary to study detailed aspects of fuel performance. However, such off-site remote handling facilities and techniques are expensive and limited in throughput, and can involve considerable delay. An alternative technique, which is economic and allowing the assessment of the fuel plate swelling was and still developed. This technique is determined through the inter-plate distance measurement.

VII. Distance measurement techniques

In the framework of the conversion study of the RHF into Low Enriched Uranium, the ILL launched a study aiming to the development of tools allowing the evaluation of the fuel plates swelling, i.e. the water channel thickness variations. This parameter, here determined through the inter-plate distance measurement, is rich of information especially regarding the element irradiation history. Distance measurement techniques which can be non-destructive and remotely operated, have advantages relative to conventional PIE, by:  increasing of feedback on irradiated fuel plates,  allowing the inspection of the 280 fuel plates if necessary.  shortening of the cooling time needed before usual ND PIE,  considerably reducing the cost than the PIE.

However, this identification is difficult because a micrometer resolution is sought due to the microscopic structure modifications of the plates while the inter-plate distance is close to two millimeters. Furthermore, the access to the involute curved fuel plates situated five meters below the surface of the moderating pool is very difficult and the measurement devices will be subjected to high-level radiations.

Therefore, several methods could be considered to perform distance measurements. Optical, magnetic, capacitive, ultrasonic, or other (micro-waves sensor, tunneling sensors…). The following sections describe briefly these methods.

Optical measurement

Optical distance measurement methods can technically be put into three categories: interferometry, time-of-flight and triangulation methods. Reviews of absolute distance measurement can be found in [START_REF] Bosch | Selected papers on laser distance measurements[END_REF].

 Triangulation [START_REF] Liebe | Distance Measurement Utilizing Image-Based Triangulation[END_REF], [START_REF] Pierce | A novel laser triangulation technique for high precision distance measurement[END_REF]: Distance measurements using triangulation principle are typically based on eye safe lasers. The laser projects a laser spot in front of the sensor to the point that the sensor will measure the distance. A camera is mounted so it images the laser spot. Depending on the distance to the spot, the angle θ between the camera and the laser spot will change due to triangulation. The triangulation principle is sketched in Figure 13. The distance can be calculated as:

𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 = 𝐿 tan (𝜃)
.

(
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The laser spot can only be measured with a finite angular accuracy due to laser spot centroiding limitations, noise, mechanical stability, target homogeneity, speckles etc. Therefore, the uncertainty on the measured distance increases with the distance, as shown in the equation below. Typically, it is very difficult to get any useful distance information at distances larger than 100 times the laser-camera baseline (L). ].

(2) 

 Interferometers[61]:

Interferometry can be implemented either by using a high coherence light source (i.e laser) and the object should be mirror or by using a broad-band or low-coherence light source (i.e. lamp, LED, SLD, etc.). A great advantage of low-coherence light interferometer is that it can be used to measure objects with rough surface.

The basic idea for measuring distances with high-coherence interferometric is to feed an interferometer with two or more optical wavelengths to produce a synthetic or equivalent wavelength, much longer than that of the original beams. The distance measurement is extracted by gauging the phase of a signal having a period equal to that of the equivalent wavelength. The most effective approaches are based on double-heterodyne interferometry (DHI) [START_REF] Kuramoto | High-accuracy absolute distance measurement by twowavelength double heterodyne interferometry with variable synthetic wavelengths[END_REF] that makes use of a detection scheme based on optical heterodyning of two slightly different optical frequencies.

As an alternative to multiple wavelength interferometry, techniques based on optical frequency modulation of the laser source are very promising due to the potential for simple and robust systems [START_REF] Kubota | Interferometer for measuring displacement and distance[END_REF]. Among the various possibilities, frequency-modulated continuous wave interferometry (FMCW) presents the simplest optical layout which is essentially based on a Michelson-type (see figure 14) interferometer where a tunable single frequency laser is modulated to obtain a beat signal at the photodetector. Absolute distance measurements can also be performed on the basis of low-coherence or white light interferometry (WLI). In this case the measuring range is shorter than that of DHI or FMCW while the resolution can be better than λ. Possible light sources for WLI are: lamps, LEDs, super-luminescent diodes (SLD) and multi-mode laser diodes. The most popular, compact and reliable solid-state sources for WLI are SLDs. In WLI systems, the measurement resolution is practically related only to the coherence characteristics of the excitation light.

 Time-of-flight (TOF) method Time-of-flight method can be realized by many different methods. Mostly used principles are: phase shift method, and pulsed TOF method.

o Phase shift or phase difference method [START_REF] Peiponen | Optical measurement techniques: innovations for industry and the life sciences[END_REF] is a common technology for surveying. It allows the measurement of distances as depicted in figure 15.

A sinusoidally modulated laser beam is sent to a target, usually a reflector, e.g., a corner cube. Reflected light (from diffuse or specular reflections) is detected, and the phase of the power modulation is compared with that of the sent light.

The obtained phase shift is 2π times the time-of-flight (2L/c) times the modulation frequency (f). If the total phase shift (Δϕ) is inside one cycle, it leads to a distance as follows: 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 = ∆∅×𝑐 4πf .

(3) Distance measurement by the phase-shift technique is a good method to obtain a resolution of some millimeters in the 1 to 20 m ranges with non-cooperative targets. For cooperative targets (cube corner), the resolution can be better than 50 µm, with high-frequency modulation. o The Pulse time-of-flight (TOF) [START_REF] Amann | Laser ranging: a critical review of usual techniques for distance measurement[END_REF] refers to the time it takes for a pulse of energy to travel from its transmitter to an observed object and then back to the receiver (t). If light is used as energy source, the relevant parameter involved in range counting is the speed of light (roughly c=30 cm/ns). A TOF system measures the round trip time between a light pulse emission and the return of the pulse echo resulting from its reflectance off an object. Using elementary physics, distance is determined by multiplying the velocity (c) of light by the time (t) light takes to travel the distance. In this case, the measured time is representative of traveling twice the distance and must, therefore, be reduced by half to give the actual range to the target. To obtain a 1 mm accuracy, the accuracy of the time interval measurement should be 6. Note: Optical techniques are available for both geometry and profile measurements. They provide high accuracy measurements (due to the use of short wavelengths) and possess a low sensitivity to environmental conditions such as pressure and temperature. However, their drawbacks are size (may not be integrated into the RHF fuel element where space is very limited, 1.8 mm nominaly), alignment complications (particularly in a high vibration environment) and the random effects of debris in the optical path. Moreover, systems cannot be immersed in water.

Capacitive measurement

This section is based on following publications [66]- [68].

Capacitive sensors are used to make non-contact measurements with high precision and high bandwidth as well optical sensors.

Capacitive sensors consist of two parallel metal plates in which the dielectric between the plates is either air or some other medium. The capacitance C is given by C=ε 0 εrA/d, where ε 0 is the absolute permittivity, ε r is the relative permittivity of the dielectric medium between the plates, A is the area of the plates and d is the distance between them. There are two general types of capacitive sensing systems. One type is used to measure thicknesses of conductive materials. The other type measures thicknesses of non-conductive materials.

The thicknesses of a conductive material can be performed by a capacitive sensing system, if one electrode is a sensor plate and the other is a target plate. The distance d will be determined by measuring capacitance C. Since the area of the probe and target remain constant, and the dielectric of the material in the gap (usually air) also remains constant, "any change in capacitance is a result of a change in the distance between the probe and the target.". Therefore, the equation above can be simplified to:

𝐶 ∝ 1 d . ( 5 
)
From this equation, a capacitive sensing system is able to measure changes in capacitance and translate these changes into distance measurements. There are two methods of capacitive, noncontact thickness measurement of a conductive target: Single Channel (Figure 17), and Dual-Channel (Figure 18):

 Single-Channel Thickness Measurement Method :

Single-channel thickness measurements measure the location of the top surface of the part under test while it rests on a reference surface. A known thickness is established as a reference point and all subsequent measurements indicate the amount of deviation from that reference. However, any deformity of the part or the reference surface will result in an error in the thickness measurement. 

 Dual-Channel Thickness Measurement Method:

Dual-channel thickness measurements place the part to be measured between two sensors. Each side of the part is measured by a separate sensor. The sum of the measurements from the two sensors provides the final measurement of thickness. If the part moves toward one sensor, it moves away from the other; the changes in the sensors outputs will cancel each other. This eliminates the errors that would result from single-channel problems with deformity and/or contact with the reference surface. As with many noncontact applications, measurements are relative to a reference measurement. A known thickness is established as a reference point and all subsequent measurements indicate the amount of deviation from that reference. Capacitive sensors are sensitive to nonconductive materials which are placed between the probe's sensing area and a grounded back target. If the gap between the sensor and the back target is stable, changes in the sensor output are indicative of changes in thickness, density, or composition of the material in the gap (see Figure 19). Note: By capacitive sensors, that may be compact, resolutions lower than one micron can be obtained for distances ranging from 0.1µm to 5 mm [66]. However, environmental factors such as temperature, pressure, humidity and radiations affect the dielectric constant of a capacitor and therefore these effects severely deteriorate the precision of thickness measurement [START_REF] Terzic | Capacitive Sensing Technology[END_REF]. Because of their low signal-to-noise ratio, the capacitive sensors cable length is also restricted.

Magnetic measurement

Magnetic sensors utilize the magnetic phenomena of inductance, reluctance and eddy currents to indicate the value of various measurements, including displacement, distance, thickness, deformation, and so on.

 Proximity inductive sensor

In a simple proximity sensor the device is supplied with electrical power, which causes an alternating current to flow in a coil wrapped on a ferromagnetic body (sometimes referred to as a loop, spool or winding), creating thus a magnetic field. When a conductive or magnetically permeable target, such as a steel disk, approaches the coil, this modifies the properties of the field created by the coil and consequently the value of the coil's impedance. When a threshold is passed, this acts as a signal that the target is present. Proximity sensors are commonly used to detect the presence or absence of a metal target [START_REF] Howard | The new generation of inductive sensors[END_REF]- [START_REF] Djuric | Displacement inductive sensor: Simulation tool algorithm[END_REF]. The inductance principle is also used in differential transformers to measure translational and rotational displacements. One example of the inductive sensor is shown in Figure 21. 

 Eddy-current sensor

Eddy-Current sensors are noncontact devices capable of high-resolution measurement (up to 0.1 μm) in a range of technological applications such as thickness measurement, quality inspection, coating and surface treatment [START_REF] Moulder | Thickness and conductivity of metallic layers from eddy current measurements[END_REF]- [START_REF] Yin | Thickness measurement of non-magnetic plates using multifrequency eddy current sensors[END_REF].

The eddy-current sensor is based on the principle that, if an oscillator circuit induces an eddy current in an electrically conductive target, the circuit itself will lose energy. If a coil built into the sensor is fed with a high-frequency alternating current when the sensor is positioned close to a metal target, the electromagnetic field of the coil will create eddy currents in the target. The field created by this eddy current, in turn, opposes the electromagnetic field of the coil in the sensor. This interaction of the magnetic fields is dependent on the distance between the probe and the target. As the distance changes, the electronics sense the change in the field interaction and produce a voltage output which is proportional to the change in distance between the probe and target. The target surface must be at least three times larger than the probe diameter for normal, calibrated operation; otherwise, special calibration may be required [START_REF] Tian | Blind sensing [eddy current sensor[END_REF]. Note: In comparison to optical and capacitive technologies the biggest advantage of magnetic sensors is the immunity against oil, water and dirt. However, electrical runout (inhomogeneity) can disturb the propagation of the eddy currents and thus can affect the transducer output, which in turn results in noise and degraded resolution. Moreover, serious perturbations of these magnetic systems can happen in highly radiative environments.

Ultrasonic measurement

The accurate estimation of distance through ultrasonic measurements is fundamental to a wide variety of engineering fields, such as medical imaging, robotic, non-destructive control system and so on [START_REF] Escolà | Performance of an ultrasonic ranging sensor in apple tree canopies[END_REF]- [START_REF] Friedrich | Miniature Mobile Sensor Platforms for Condition Monitoring of Structures[END_REF]. Generally speaking, ultrasonic techniques, which are typically inexpensive, yield high levels of performance and are radiation resistant. Sensors can be sealed to be immersed, and finally can be designed to reach the expected dimensions.

The most common form of ultrasonic transducers is a piezoelectric crystal. Such elements can operate interchangeably as either a transmitter or receiver. These are available with operating frequencies that vary between 20 kHz and 2 GHz (more details in the next chapter). The principles of operation, by which an alternating voltage generates an ultrasonic wave and vice versa, will be covered in the following subsection.

The basic method of ultrasonic distance sensors is using an acoustic signal, which is sent from a transmitter and travels through the propagation medium to a receiver (see Figure 23). The distance between the transmitter and receiver is obtained by counting the elapsed time from the start of the transmission to the end of the receipt, defined as the time-of-flight (TOF) [START_REF] Dai | Low-Cost Ultrasonic Distance Sensor Arrays with Networked Error Correction[END_REF]. Depending on the specific application, different methods of ultrasonic distance measurement can be used, among them, the phase shift method (PSM) and the pulse echo technique (more details in the following sections).

Time-of-flight measurement and estimation

 Phase shift method

In continuous phase shift method, the transmitter generates a continuous output, whose echo is detected by a separate receiver (see Figure 23). The measurements accuracy depends on the measurement of phase shift between the transmitted and reflected wave [START_REF] Marioli | Digital timeof-flight measurement for ultrasonic sensors[END_REF]. Although more accurate than the pulse-echo measurements, this technique is more expensive due to often complex hardware needed to measure the phase. Moreover, in most cases, different frequencies are needed to be used in order to determine the number of integer wavelengths in the phase shift [START_REF] Marioli | Digital timeof-flight measurement for ultrasonic sensors[END_REF]. Due to its experimental configuration (two transducers positioned face to face, one acting as a transmitter and the second as a receiver), the phase shift method cannot be implemented inside the RHF water channel to measure its width [84]- [86]. The general method for a pulsed method of ultrasonic distance measurement is as follows. An ultrasonic pulse is transmitted from one ultrasonic transducer. The pulse propagates through the medium and is reflected by a suitable reflector. The pulse returns and is received by the transducer (see Figure 24). The time (t) taken for the pulse to propagate from its emission to its reception is proportional to the measurement distance (d) and the speed of sound in the medium (c) through the simple equation [START_REF] Marioli | Digital timeof-flight measurement for ultrasonic sensors[END_REF], [START_REF] Webster | A pulsed ultrasonic distance measurement system based upon phase digitizing[END_REF], [START_REF] Marioli | Ultrasonic distance measurement for linear and angular position control[END_REF]: There are a multitude of different methods for measuring the TOF of an acoustic signal (Threshold Detection, curve-fitting method, cross-correlation method…).

𝑑 = 𝑡×𝑐 2 (7)

 Threshold Detection:

The simplest form of measurement of the TOF is the threshold method. This technique involves detecting the arrival of an acoustic signal when its amplitude exceeds a given amplitude level. Thresholding systems do not require any complex computations, but they suffer from poor resolution, low signal-to-noise ratio (SNR), and inherent bias, particularly when the received signal has been greatly attenuated. The first problem is, in fact, affected by the propagating medium, the attenuation of which increases with the frequency. Moreover, the signal-to-noise ratio (SNR) is altered by the absorption of the target, external vibrations, and water turbulence. Finally, there are two causes for an inherent bias to longer delays. First, no matter how ideal is the emitted pulse from the transducer, there will always be a rise time for the signal when it is detected. Second, and more importantly, the decision of where to set the threshold is a compromise that introduces bias [START_REF] Frederiksen | A single-chip monolithic sonar system[END_REF], [90].

 curve-fitting method

An alternative method is the curve fitting method which produces an unbiased TOF measurement. In this technique, a nonlinear least-squares method is employed to fit a curve to the onset of the ultrasonic of the received acoustic. A parabolic curve of the form a 0 (t -t 0 ) 2 is fitted to the signal envelope around the rising edge of the echo. It has been verified in [91] and Piezoelectric Transducer Ultrasonic waves Reflector [START_REF] Mamullen | A simple rising-edge detector for time-of-arrival estimation[END_REF] that this is a good approximation. First, initial estimates of the two parameters a 0 and t 0 are obtained: the initial estimate for t 0 is found by simple thresholding, and a 0 is estimated from the second derivative approximation around the threshold point [START_REF] Barshan | Fast processing techniques for accurate ultrasonic range measurements[END_REF].

 Cross-correlation method

An optimum TOF estimation technique is the cross-correlation method. By computing the cross-correlation between the transmitted and the received signal, the TOF can be estimated when the correlation result reaches its maximum. The cross-correlation is arguably more performant both in terms of random noise (theoretically zero) and time resolution than the two methods mentioned above. The method of cross-correlation takes a transmitted (transmitted signal x(t)) and received signal (received signal y(t)~x(t-τ0)) and then produces a time-domain signal whose maximum occurs at the delay time τ 0 .

The cross correlation R xy (t) of the sequences x(t) and y(t) is defined by the following equation:

𝑅 𝑥𝑦 (𝑡) = 𝑥(𝑡) ⊗ 𝑦(𝑡) = ∫ 𝑥(𝜏) ∞ -∞ . 𝑦(𝑡 + 𝜏)𝑑𝜏
where the symbol ⊗denotes correlation [START_REF] Sekmen | Estimation of object location and radius of curvature using ultrasonic sonar[END_REF]- [START_REF] Xu | A TOF Estimation Method for Underwater Acoustic Signal in Confined Underwater Space⋆[END_REF].

Measurement resolution and accuracy

The best measurement resolution that can be obtained with an ultrasonic system is equal to the wavelength of the transmitted wave. As wavelength is inversely proportional to frequency, high-frequency ultrasonic elements would seem to be preferable. For example, the resolution of measurements performed in water at room temperature (20°C), is only 10 µm for a 150 MHz element. However, choice of element also depends on the required range of measurement. The range of higher-frequency elements is much reduced compared with lowfrequency ones due to the greater attenuation of the ultrasound wave as it travels away from the transmitter. Hence, choice of element frequency has to be a compromise between measurement resolution and range.

The best measurement accuracy obtainable is equal to the measurement resolution value, but this is only achieved if the electronic counter used to measure the transmission time starts and stops at exactly the same point in the ultrasound cycle (usually the point in the cycle corresponding to peak amplitude is used) [START_REF] Morris | Measurement and instrumentation principles[END_REF].

Note:

To perform distance measurements between fuel plates spaced of 1.8 mm, 5 m underwater, and in highly radiative environments, the most relevant solution was to develop a waterproof double side high-frequency ultrasonic device. This device includes transducers designed to be set on both side of a blade with the constraint of 1 mm total device thickness. Adapted to the high radiative environment and thin enough, the device make possible the measure of the fuel plates swelling, i.e. the water channel thickness variations, of High Performance Research Reactor spent fuel elements. Operating at frequencies up to 150 MHz, the measurement resolution that can be obtained with the ultrasonic device can reach 10 µm. Based on the pulse-echo method, the ultrasonic sensor allows distance measurements through the evaluation of the ultrasonic wave time of flight (ToF). The ToF estimation is computed from the cross-correlation between the transmitted and received signal (more details in the second chapter).

VIII. Conclusion

The Institute Laue-Langevin (ILL) committed for decades to convert its reactor, the RHF (Réacteur à Haut Flux) into a Low Enriched Uranium (LEU) high density fuel. Now deeply engaged in the conversion process, the ILL has designed an optimized LEU fuel element, which is based upon the high density LEU fuel (UMo) being qualified by the HERACLES group. In the framework of the conversion study, the ILL launched a study aiming to develop of tools allowing the assessment of the fuel plate swelling, which is one the most unwanted behavior of dispersed UMo. Post irradiation examinations (PIE) of the new fuel element will have to be carried out in order to achieve the qualification process. However, PIE techniques (destructive and non-destructive), which require an off-site remote handling facility, are expensive and can involve considerable delay.

As an alternative solution, the fuel plates swelling can be identified through the inter-plate distance measurement. This identification is difficult because of a micrometer resolution is sought due to the microscopic structure modifications of the plates while the inter-plate distance is close to two millimeters. Furthermore, the access to the involute curved fuel plates situated five meters below the surface of the moderating pool is very difficult and the measurement devices will be subjected to high-level radiations.

Several methods could be considered to perform distance measurements. Optical, magnetic, or capacitive devices might be relevant and reach the nanometer resolution even in high-temperature and/or high-pressure environments. However, they may not be inserted between the fuel plates where space is very limited or may not meet the requirement for high radiation. Some of them cannot even be immersed.

To address this issue, a high frequency ultrasonic device based on the pulse echo method was studied, designed, then developed and finally tested with success on a full size irradiated fuel element of the Institute Laue Langevin reactor, the RHF. 
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Chapter II

The high frequency ultrasonic device

I. Introduction

Examination of irradiated fuel elements of the High Flux Reactor (French translation Réacteur à Haut Flux) is crucial for assessing the LEU fuel plate behavior. A device using two ultrasound transducers, radiation resistant, has been developed, during this thesis, for such applications. The consequences of this solution are obvious: increase of feedback on irradiated fuel plates, shortening of the cooling time needed before usual Non-Destructive Post irradiation Examination (ND PIE) and cost reduction.

The device is perfectly suited to bended full-size plates. Indeed, thanks to its small size, it could be easily inserted into the water channel and thus could provide useful information on plates swelling. Such device could potentially replace the usual non-destructive PIE for the RHF fuel element. Based on the pulse-echo method, the ultrasonic transducers allow distance measurements through the time of flight (TOF) of the signal reflected on the fuel plate surfaces.

To achieve the microscopic resolution, the system is integrated into a set of high frequency acquisition instruments and excited with frequencies up to 120 MHz. At these frequencies, the ultrasonic wavelengths are sensitive to the device layers and the structure of the transducers plays a central role in the shape of transmitted and received signals. Therefore, these latter have been simulated to theoretically predict the transducers behavior.

The primary goal of this thesis is the development of an ultrasonic device in a collaboration between The Institute Laue-Langevin (ILL) and the Institute of Electronic and Systems (French translation: Institut d'électonique et Systèmes-IES) of University of Montpellier (France). The IES is internationally renowned in the field of ultrasound systems and nuclear environment. This chapter is divided into seven sections, the first dealing with the general principle of the ultrasonic system. Section 2 gives a detailed description of the ultrasonic device, including the mechanical holding and the transduction element. Section 3 provides the computer simulation of the transducer element to predict its behavior. The designed transducer element is then manufactured. Therefore, the fourth section describes the manufacturing process of the transducers whose structures have been controlled by an acoustic microscope. Finally, sections 5, 6 and 7 describe, respectively, the high frequency electronic system, the high frequency ultrasonic signal and the accurate signal processing developed for distance measurement.

II. Measurement principles

The inter-plate distance, i.e. water channel thickness, is measured by a waterproof dual piezoelectric transducer (both emitter / receiver) included in the thickness of a stainless steel blade (see Figure 1). This device was designed to be moved inside the water channels this latter having a nominal thickness of 1.8 mm. The water flows between fuel plates whose dimensions are 1.27 mm width and 903 mm long with an involute shape to keep constant the inter-plate distance.

Successful operation of the ultrasonic device relies on accurate time-of-flight (TOF) measurements. A pulse is transmitted and an echo is produced when the transmitted pulse encounters the plate surface. Therefore, the TOF is the time elapsed between the transmission of a pulse and its reception, from which the distance between the transducer and the facing plate can be calculated as

𝑑 𝑡𝑟𝑎𝑛𝑠 = 𝑡×𝑣 2
. Here, t is the TOF and v is the speed of sound in water. The total inter-plate distance can be obtained by adding distances measured by each transducer (d trans1 and d tran2 ), to the blade thickness (d blade ), as:

𝑑 𝑡𝑜𝑡𝑎𝑙 = 𝑑 𝑏𝑙𝑎𝑑𝑒 + 𝑑 𝑡𝑟𝑎𝑛𝑠1 + 𝑑 𝑡𝑟𝑎𝑛𝑠2 . ( 1 
)
Correct distance measurement using ultrasounds depends on how accurately TOF can be measured and how well the speed of sound in the medium is known. The dependence of sound velocity on temperature is detailed in the next chapter. Accurate TOF measurement can be obtained when the two transducers are perfectly parallel to the plates. Indeed, the ultrasonic element emits an acoustic wave whose magnitude in any direction is a function of the angle made with respect to the direction that is normal to the face of the ultrasonic element. The peak emission always occurs along a line that is normal to the transmitting face of the ultrasonic element. At any angle other than the 'normal' one, the magnitude of transmitted energy is less than the peak value. Figure 2 shows a numerical simulation of the characteristics of the emission for the ultrasonic element. This is shown in terms of the magnitude of the transmitted ultrasonic wave (measured in dB) in the normal direction of propagation [1]. 

III. Transduction elements design

Conventional ultrasonic transducers generally consist of multiple layers of material: An active element (piezoelectric disc), a backing element and a delay line, all acoustically coupled together. In our case, the two transducers included onto the blade possess the same multilayered structures composed of piezoelectric elements welded on one surface to a golden electrode. An aluminum layer is deposited on the second surface as an electric input and output electrode. Then, a thin glue layer welds the whole system to a delay line, which is a cylindrical rod in silica (6 mm in diameter and 500 µm in height). At the end, an epoxy resin plays the role of a backing medium. 

 Piezoelectric element:

Piezoelectric transducers produce an output voltage when a force is applied to them. In ultrasonic receivers, the sinusoidal amplitude variations in the ultrasound wave received are translated into sinusoidal changes in the amplitude of the force electric applied to the piezoelectric transducer. Piezoelectric transducers are made from piezoelectric materials. These have an asymmetrical lattice of molecules that distorts when a mechanical force is applied to it. This distortion causes a reorientation of electric charges within the material, resulting in a relative displacement of positive and negative charges. The charge displacement induces surface charges on the material of opposite polarity between the two sides. By implanting electrodes onto the surface of the material, these surface charges can be measured as an output voltage. The piezoelectric principle is invertible, and therefore distortion in a piezoelectric material can be caused by applying a voltage to it. This is commonly used in ultrasonic transmitters, where the application of a sinusoidal voltage at a frequency in the ultrasonic range causes a sinusoidal variation in the thickness of the material and results in a sound wave being emitted at the chosen frequency.

Materials exhibiting piezoelectric behavior include natural ones such as quartz, synthetic ones such as lithium niobate, lithium sulphate and ferroelectric ceramics such as barium titanate and Lead Zirconate Titanate [1]. In our case, the lithium niobate (LiNbO 3 ) has been used as the active element.

The thickness of this active element is determined by the desired frequency of the transducer. Indeed, a thin piezoelectric element vibrates with a fundamental wavelength λ that is twice its thickness d (d=λ/2). The frequency and wavelength of ultrasound waves are related according to:

𝑓 = 𝑣/λ ( 2 
)
where v is the speed of sound in the medium. Therefore, the higher the frequency f of the transducer, the thinner is the active element. However, smaller is the penetration due to the signal attenuation at high frequencies.

To provide transducers with high resolution, higher-frequency elements are needed. Indeed, high frequency transducers, when used with the proper instrumentation, can improve resolution and the thickness measurement capabilities.

The fuel plate swelling must be characterized with the highest available resolution. To ensure the expected resolution, transducers have been polished to have a thickness around 25 µm, which corresponds to frequency bandwidth extending beyond 120 MHz. Therefore, measurements resolution can reach 12 µm.

 Delay line :

For immersed ultrasonic transducers, the delay line is made from material that has acoustical impedance between the active element and water. The most common materials now used for these delay lines are quartz [2] and mercury [3], [4]. The fused silica (SiO 2 ) is undoubtedly the suitable delay medium for the designed transducers due to its low attenuation at high frequencies [5]. The fused silica is a non-crystalline (glass) form of silicon dioxide (quartz).

Generally, the delay line is a mean for delaying a signal for a predetermined short period to be accurately reproduced at an appropriate later instant. It can also be a mean to protect the active element from scratching. In particular, the delay line plays an important role in the shape of transmitted and received signals. In fact, as the ultrasonic attenuation is small in the delay line, multiple reflections of the ultrasonic waves in the delay line are possible leading to the existence of many ultrasonic echoes. When the delay line is in contact with air, the reflection coefficient is a real number. But, when the transducer is immerged in water, the reflection coefficient becomes a complex number. Hence, for each reflection of an ultrasonic wave at the interface (DL/water), the wave undergoes a reduction of its amplitude and a phase shift [6]. This complex reflection coefficient𝑅 * = 𝑟 0 𝑒 𝑗∅ , is calculated with the following and ∅ = 𝑖2𝜋𝑓𝑡, where A o and A I are, respectively, the output and input signal strengths, and f is the operating frequency [7].

The efficiency of transmission of the sound wave from the piezoelectric element into the delay line, or vice versa, is determined by the intimacy of contact between the active element and line and by the degree of matching of the acoustic impedances of the piezoelectric element and delay line materials. For purposes to be discussed later, the side of the piezoelectric element opposite the delay line is held by golden/chrome/glue layers; the acoustic impedance of such materials will likewise affect the transmission efficiency of the sound wave between the active element and the delay line [2], [7]- [9].

Although the delay line causes signal attenuation, it has also a number of advantages. The delay line improves significantly the accuracy of distance measurement. Indeed, the multiple reflections in the delay line allow TOF measurement not only of a transmitted echo and a reflected one, but of transmitted series of echoes and reflected ones.

 Backing:

This section is based on [10].

If no backing element were present, the piezoelectric element would typically show a relatively long ringdown response if excited with an impulse voltage, given its low ultrasonic attenuation coefficient. This would lead to poor timing resolution in the reflected echo signals, and a relatively narrow bandwidth that is poorly suited to most forms of frequency-domain analysis. To overcome this problem, the back surface of the piezoelectric element is usually bonded to a backing element made of attenuation material that dampens the ringdown response and broadens the characteristic resonance by absorbing a portion of the ultrasound energy.

Two properties of the backing element material are key: the acoustic impedance and the attenuation coefficient. The acoustic impedance mismatch between the backing material and piezoelectric element determines the portion of the pulse excitation energy transmitted from the piezoelectric element into the backing. It is highly desirable to prevent any of the ultrasound energy that has been transmitted to the backing material from being returned to the piezoelectric element, where it could contribute to noise or ghost pulses in the received echo pulses. This can be accomplished by incorporating a large value of attenuation coefficient  times backing thickness h. Additionally, the boundaries of the backing element can be roughened or angled such that incoming wave energy is not reflected back toward the piezoelectric element.

Backing elements in the designed ultrasonic transducers are made from high-performance composites having good thermal stability, environmental resistance and good mechanical properties. These composites are epoxy resins which serve as polymeric matrix. The good bonding strength to the piezoelectric element and high acoustic attenuation values of such epoxies ensure that the backing elements will keep their integrity over the long term, as the transducers are used at moderate temperatures, while fulfilling the attenuation function [11]- [13]. To provide high acoustic impedance, the epoxy matrices are loaded with metallic filler such as tungsten, iron, copper, magnesium, or aluminum [11]- [15]. 

IV. Model of the ultrasonic transducer 1. Principle

Manufacturing the piezoelectric transducers as a complex multilayered structure is carried out in conjunction with the development of accurate numerical tools allowing the modeling of such devices. Indeed, studies of acoustic response and wave propagation through transducer layers are of paramount importance for the optimum design and optimization of the acoustical properties of multilayer materials. The behavior of these combinations of materials depends more or less on the dimensions and the boundary conditions at the edges. Nevertheless, interesting results can be obtained by modeling the samples as infinite plates subjected to incident plane waves. Using the transfer matrix related to each layer considerably simplifies the modeling [16]- [22].

The Transfer Matrix Method is based on a theory, which says that the relation between the pressure and bulk flow of two ends of a sound propagating route can be expressed by a matrix. The transfer matrix can be looked upon as an inherent property of a material because of its invariance. If the transfer matrix of a material is known, most of the acoustical properties of the material can be obtained. Because of the continuity of sound pressure and velocity, the matrices of all the component layers can be combined together into a total matrix which can be used to predict the acoustical properties of multilayer materials. The type of transfer matrix is determined by such factors as physical properties of the material, boundary conditions, selected state variables and so on [22].

The Transfer Matrix Method (TMM) was developed first by Thomson [19]. In his paper, Thompson stated correctly that the proper boundary conditions to be used at the interfaces between layers were continuity of stresses and particle velocities. However, due to his particular formulation of the problem his final equations are valid only for certain special cases such as multiple fluid layers, or multiple solid layers with identical shear moduli sandwiched between fluid layers. Brekhovskikh's treatment parallels that of Thompson and yields equations whose validity is limited to the same special cases as are those of Thompson. Haskell was the first to correct the formulation of the problem so that the resulting equations were applicable to the general multiple layer case [20]. D. L. Folds and C. D. Loggins propose an analysis parallel to the Brekhovskikh's treatment (since Brekhovskikh is widely available as a standard reference work), by determining the transmission and reflection coefficients with appropriate corrections [21]. Then, a number of recent papers have been aimed at derivation of transfer matrices for the cases of stacks of fluid and solid layers [23] onedimensional pressure excitation due to oblique incidence [24], heterogeneous plane waves [25], and two-dimensional pressure excitation due to oblique incident wave propagating through a multilayer stack [17].

Much of our model follows D. L. Folds and C. D. Loggins, with some minor changes in notation. In this model, a plane wave originates in layer n + 1 and proceeds through the n-1 intervening layers to emerge into layer 1, which is of semi-infinite extent in the z direction. The layers are of assumed infinite extent in the x and y directions, and the plane wave incident upon layer n is assumed to lie in the xz plane, making the problem two dimensional (see Figure 10).

When a plane wave is incident on a layer at an angle, it induces a normal stress  y , and a shear stress  xy in the layer and these two stresses are accompanied by normal particule velocity v y and tangential particule velocity v x . The boundary conditions require continuity of normal and shear stresses, and normal and tangential displacements at the interfaces between layers. For a time harmonic wave (where time dependencies exp(it), the particle velocity is given by v =iu, where u is the particle displacement and thus continuity of displacement is the same as continuity of particle velocities.

Application

This section in based on [21].

In the model, a plane wave with an oblique incidence (θ0), is transmitted through a multilayer structure. This structure includes the transducer layers (piezoelectric element, the golden electrode, and the delay line of silica), the water channel, and the fuel plate (see Figure 6). The thicknesses of these three parts of the modeled structure are, respectively, 500 µm, 1.6 mm and 1.27 mm. All these layers are taken in the semi-infinite plane (XY), and the positive z-axis is directed upwards. To take into account physical and dimensional parameters of each plate, the model require numerical input data like the longitudinal and transverse velocities, the volume density and the thickness (the values of these parameters, for each layer, are shown in Appendix 1). Then based on [21], the model calculates the reflection and transmission coefficients from the velocities and stresses in layers. In any layer, the velocities and stresses can be expressed in terms of the following potential functions:

      t x i z i B z i A l l l l          exp ) exp( * ) exp( * l (3)       t x i z i D z i C l l l l          exp ) exp( * ) exp( * l (4) l  and l
 are respectively the compressional waves potential and shear wave potential.
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At any point in the system, we have:
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By calculating these derivatives, at the uppermost interface (at z =d n -ε, where ε is infinitesimal and d n is the thickness of the layer n), the following result is obtained: (9) where L n matrix depends on the thickness, the density, and the sound velocities of each layer.
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At the beginning (interface) of the second layer (z = -ε):
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From ( 9) and ( 10): 
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From ( 12), the shear stress n x Z is equal to 
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As the media in contact with layers 0 and n are assumed to be water, the shear stresses on both exposed surfaces of the multi-layer system will be zero:

0 1   x n x Z Z
, which yields to: 
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Substituting this into Eq. ( 12) and remembering that where M kl = f(A ij ). The values for the quantities M kl are given in the appendix 1.

Reflection and transmission coefficients are expressed according to: (16) where A and B are the incident and reflected wave amplitudes. Knowing that,
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we deduce that:
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Substitution of these values, ( 18) into (15) yields: (20) where Z 1 = 1 / 1 and Z n+1 = n+1 / n+1 , are the impedances of layers 1 and n+1, respectively.
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At the end, the computer program used (19) and (20) to predict the transmission and the reflection of a plane wave incident on the multilayer system.

In the experimental measurements, the piezoelectric element is excited by an electrical pulse. An acoustic echo is thus produced and then propagates through the multilayer system. The generated echo consists of a few cycles of oscillations at the nominal frequency of the wave, as illustrated in Figure 7.

This pulsed wave can be described as being constructed from a range of frequencies centered on the nominal frequency. Interference between the components at the different frequencies effectively results in the formation of the pulse. The graph of amplitude versus frequency for the experimental pulse shows a distribution of frequency components centered on the nominal frequency (see Figure 7). In the computer simulation, the initial echo is based on the experimental one (see Figure 7). Then, for each frequency present in the signal spectrum the reflection and transmission coefficients are computed and are multiplied by the respective spectrum amplitude. The multiplication results are then assembled and an inverse transform is calculated leading with the formation of the transmitted and reflected ultrasonic echoes. The same processes are then repeated for the two generated echoes (transmitted and reflected signal) and in the different layers (see Figure 8). 

Results

Through the model, a deeper insight of the designed transducer behavior is performed. Indeed, at high frequencies, the structure of the multilayered transducer plays a crucial role in the shape of transmitted and received signals. In fact, when an electrical pulse excites the piezoelectric element, an ultrasonic echo is produced. The frequency content of the generated echo depends on the fine structure of the transducer, namely, the piezoelectric element and the contact layer (chromium, gold and glue layers). This echo propagates then through the layers, producing thus series of acoustic echoes. Multiple reflections occur in the silica delay line leading to echoes reflected to the sensor (a) and to series of complementary transmitted signals in water. The successive reflections of the latter in the water layer between the silica and the plate interface then lead to series of signals with decreasing amplitudes one of which is presented in (b). Due to reciprocity, the same piezoelectric element is used to acquire these reflected signals that are then processed by an electronic system (see Figure 9). For the first series of echoes (radiations in the delay line), the first echo corresponds to the piezoelectric excitation. Then, for each reflection of the acoustic echo at the interface (Delay line/water), the wave undergoes a reduction of its amplitude (about 0.04 V) and a phase shift (of /2). The time interval between echoes corresponds to the delay line thickness.

The second series of echo is a reflection of the first series of echoes on the plate surface. A primary cause of the first echo attenuation is mainly related to the contact (gold/chrome/glue layers) between the piezoelectric element and the delay line. From the time interval between the two series of echoes in the water channel thickness can be deduced.

V. Manufacturing of the ultrasonic transducer

This section describes briefly the manufacturing process of the high frequency ultrasonic transducer performed within the Institute of Electronics and Systems (IES). Manufacturing process:

As mentioned above, the principal components of the designed transducer are the piezoelectric element, electrodes, the delay line, and the backing. The manufacturing steps are as following:

 The delay line:

The manufacture of the ultrasonic transducer begins from with a silica rod with a regular diameter and two ends perfectly parallels. To achieve the desired thickness, the delay line has been polished.

 The golden electrode:

The golden electrode is performed by vacuum metallizing. This technique involves heating the coating metal to its boiling point in a vacuum chamber (see Figure 10), then letting condensation deposit the metal on the substrate surface. Resistance heating is used to vaporize the coating metal (see Figure 11). This technique involves the conversion of the electricity into heat through the process of Joule heating. Indeed, electric current passing through the coating element encounters resistance, resulting in heating of the element. The coating metals were the chrome and gold. These metals were successively projected by metallization on the surfaces of the delay line and the piezoelectric element. At first, the chromium layer is filed to improve the corrosion resistance, and then the gold layer to ensure
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LiNbO3 sample electric conductivity. Obtaining a regular deposition assumes a regular initial surface (see figure 12).

 Contact (delay line / piezoelectric element):

The coated side (with the golden layer) of the piezoelectric element is held by a thin adhesive layer to the coated side (with the golden layer) of the delay line. We use for this purpose the glue mono-component CYANOLIT. It dries rapidly at room temperature by absorption of moisture in the air.

 The piezoelectric element:

Polishing the piezoelectric element is a key step in the manufacture of the ultrasonic transducer. This step yields the desired piezoelectric element thickness that is directly related to its frequency. The piezoelectric element was polished manually by maintaining the whole system in a cylindrical support, and by using a high speed rotating disk (sees Figure 13). The alumina was used as polishing paste. During the polishing, the thickness of the piezoelectric element is measured to control the flatness and especially the final thickness of the piezoelectric element.

 The aluminum electrode:

On the polished side of the piezoelectric element, an aluminum electrode is deposited by vacuum metallizing. This electrode is an electric input and output of the transducer; it can apply an electric signal to excite the piezoelectric element. Reciprocally, an electric potential can be generated at the reception of an ultrasonic wave.

The aluminum layer is performed by placing the transducer within a cylindrical mold in which the shape of the electrode was hollowed. Then, in the vacuum chamber, a nanometer layer of the aluminum is deposited on the piezoelectric element surface (see Figure 14). The transducer elements are now integrated in the two cavities (of 6 mm of external diameter) formed on the blade. To excite the piezoelectric element at the transmission, and to detect the acquired signal, two semi-rigid coax cables (of 0.6 mm diameter) are set in the grooves made in both faces of the blade. The ends of the cables are bonded by charged glue to the aluminum electrode. The mass is taken on the gold layer of silica delay line. The epoxy resin is then placed on the back side of the transducer as a backing (see Figure 15). The second ends of cables are connected to the coax cables of 10 m length. 

VI. Structure control

To check the quality of the transducers structures, acoustic images have been performed to make visible transducers external and internal features, including defects such as cracks, nonflatness, delaminations, and voids.

 Surface imaging:

Surface imaging is used for observing microstructures beneath the sample surface within a range of one wavelength of the incoming signal. High resolution is therefore required and the operating frequency is typically above 500 MHz and often reaches the gigahertz range [26]. This technique has been used to illustrate the transducer surface image. Figure 16, clearly distinguishes the two mediums (silica/ blade) with the contrast being related to the reflective conditions in the focusing plane during the scanning. The image contrast improves noticeably when the transducer is slightly defocused. The circle of approximately 1 mm in diameter is used to locate the active piezoelectric element part. The crack shown on the left of the image is a consequence of thinning the piezoelectric element performed on the fragile delay line (500µm). This crack doesn't affect the transducer operation because it is away from the transducer active part. The dark lines in the form of circles correspond to the surface of the support on which is placed the transducer.  Phase contrast images:

The phase has always offered the possibility of increasing the experimental precision in many fields of science. In acoustics, the phase makes its contribution: Firstly, it offers a direct indication of material properties as in the measurement of Rayleigh-wave velocity. Also, the results of the phase measurement can be used to infer the width and the height of surface features. Finally, the combination of amplitude and phase measurements can be used in the reconstruction processes in which complete information about the interaction between acoustic field and material is required, as in the inversion of V(z) data to find the reflection coefficient as a function of angle [27]. Moreover, the quantitative data obtained by the phase technique can lead to image acquisition. Phase contrast acoustic images are obtained by displaying the phase difference between the reflected wave and a reference one, instead of the wave amplitude. In Figure 17, the image of the interface support-transducer is presented. It certifies that thinning and polishing was performed with good quality due to the low phase variation identified in the active region. 

VII. Mechanical holder: Blade and support

To easily introduce the transducers in the water channel, these latter were mounted on one end of a stainless steel blade (see figure 18). Manufactured with nuclear QA (materials, cleanness, dimensional control…), the blade has the following dimensions: a thickness of 1 mm, a width of 10 mm and a length of 1500 mm. To set up the cables, a groove was drilled on both faces of the blade. The inner diameter of each transducer hosting hole was 6 mm with a spot facing (see Figure 20). The blade material was 316L stainless steel. The blade is then connected to a supporting system (a 22 mm diameter and 5 m long tube) handled manually from above by an operator (figure 18). The connection is made possible thanks to screws positioned on the blade side and to a thread on the pole side (Figure 19). 

VIII. Electronic system

The implementation of distance measurement system requires the use of the described high frequency ultrasonic device which is integrated to an electronic chain of signal acquisition and processing. The essential elements of the electronic system are shown schematically in Figure 21. The electronic system, representing the interface between the computer and the high frequency ultrasonic device includes:

 Pulse generator:

A dual transmitter/ receiver board was designed and developed by IES institute to excite the piezoelectric transducer and then receive its response. This board creates an electrical signal of high energy (a few watts maximum) to generate an ultrasound pulse. Indeed, to produce distinct echo that corresponds to a reflection from a particular interface, the ultrasound must be transmitted in the form of burst or pulse. To allow echoes from closely spaced interfaces to be resolved separately, the pulse must be short.

To excite the transducers operating at frequencies up to 120 MHz, a pulse (about 8.3 ns) is generated. Its echoes contain information at a wide range of frequencies. The information contained in an echo from a long pulse is concentrated near the nominal frequency and gives a stronger signal at that frequency. However, a long pulse results in poor distance resolution [28].

To summarize, the transmitter/receiver board initiates a pulse to activate the piezoelectric transducer. The ultrasound wave propagates through mediums, resulting in echoes reflected from interfaces. Then, the board receives the reflected signal and before being transmitted to the amplifier, the board limits the signal amplitude to protect the amplifier from high tension. Consequently, the first echoes are saturated (see Figure 22 in the next section).

 PXI platform:

In order to have a compact system, easy to carry, the electronic acquisition system was integrated in the PXI platform. The PXI (PCI extension for Instrumentation) is a modular instrumentation platform originally developed by National Instruments. PXI uses PCI-based technology and it adds a rugged CompactPCI mechanical form-factor, an industry consortium that defines hardware, electrical, software, power and cooling requirements. Then PXI adds integrated timing and synchronization that is used to route synchronization clocks, and triggers internally [29]. Our PXI platform includes two amplifiers, one digitizer/oscilloscope and one controller board.

o Amplifier:

Amplifying the received signal is carried out by NI PXI-5690, which is a 100 kHz to 3 GHz, two-channel programmable amplifier and attenuator with one fixed gain path (30 dB) and one programmable gain/attenuation path (-10 to +20 dB). The combined paths offer up to 37 dB of total signal gain at 2.5 GHz when signal paths are cascaded.

o A/D converter:

The amplified signal is then converted into a numerical data to be displayed and then processed. The analog/digital converter consists of the NI PXIe-5162 digitizer/oscilloscope. Each of its two analog input channels has a vertical resolution of 10 bits. These channels can acquire up to 5 GS/s with 1.5 GHz of bandwidth on the 50 Ω path and 300 MHz on the 1 MΩ path. o The controller system: Most PXIe instrument modules (amplifier, D/A converter…) are register-based products, which use software drivers hosted on a controller system to configure them. In our case, the controller consists of the NI PXIe-8135.

 Acquisition software:

To set up an acquisition, a program based on the NI-SCOPE software was developed. The software integrates the full functionality of the digitizer hardware into NI LabVIEW. Its configuration functions allow setting triggers, input impedance, DC offset, vertical range, sampling rate, and much more. The diagram illustrating the essential elements of the acquisition software is shown in the Appendix 2.

IX. The high frequency ultrasonic signal

After describing the material aspects of the high frequency ultrasonic device (mechanical holder, acoustic transducer, electronic system), it is largely time to see the result of all these aspects that is the acoustic signal. This experimental signal is then compared to the simulated one.

Figures 22 and24 show the experimental signal acquired by placing the transducer into a quartz tank of 2.5 mm width. The coupling medium was pure water. The same configuration was modeled through the transfer matrix method described above.

The principal signal transmitted into the delay line is divided in two portions. The first portion is reflected on the line ends, which gives the first series of echoes (see Figure 22). While the remaining acoustic signal propagates through the water channel and then it reflects on the plate surface, giving thus the second series of echoes (see Figure 24). Several observations can be made from Figure 22. On one hand, the diminution and the attenuation of the echoes amplitude can be explained by the loss in signal strength in passing through the delay line. A /2 phase shift is also observed when the signal is reflected at the silica/water interface. That is mainly due to the high refractive index of water relative to that of silica. On the other hand, we notice a saturation of the three first echoes. That is mainly due to the pulse generator that is very powerful, and thus limits the level of the received signal in order to protect the amplifier. Except for the saturation of the three first echoes, the experimental signal is similar to that previously simulated from the designed transducer. Indeed, both signals have almost the same phase and the same amplitude with a slight difference. This similarity confirms the quality of the manufactured transducers which respects the parameters defined in the conception study. To measure the ultrasonic wave time of flight, the simulated first series of echoes is used instead of the experimental one due to the saturation effect. Figure 24 shows reflections of the ultrasonic signals on the inner edges of the tank. The time interval between this series of echoes and the first one is proportional to distance between the transducer and the facing edge.

The reflected echoes are not only attenuated but are also slightly distorted. A primary cause of pulses distortion is the superposition upon weak echoes of the first series due the closely spaced interfaces. Other causes may be attributed to the layers (gold, glue, chrome) between the piezoelectric element and the delay line. The same attenuation and distortion of echoes is shown also in the simulated signal (see figure 25). Except the enlargement of the experimental echoes, both the simulated and experimental signals have almost the same phase and amplitude. The echoes elargement is mainly due to frequency dispersion which is being integred to the model. 

X. Signal processing

To extract the inter-plate distance measurement from the high frequency ultrasonic signals, a specific signal processing enabling measurement with high accuracy and high resolution was developed. The method of ultrasonic distance measurement is based on the pulse-echo method, which determines the time-of-flight (TOF) of the ultrasonic wave. As previously mentioned, the TOF is the time interval from the transmission of the ultrasonic pulse to the reception of the echoes reflected from the facing plate. The distance is estimated from the product of the TOF and the propagation velocity of the ultrasonic wave. The most frequently employed methods for TOF measurements are threshold method [30], [31], curvefitting method [32] and cross-correlation method [START_REF]X-ray Powder Diffraction (XRD)[END_REF]- [START_REF] Chun | Underwater Fuel Inspection for Irradiated LWR Fuels in Korea[END_REF].

 Threshold method:

The simplest form of measuring the TOF is the threshold method. This technique involves detecting the arrival of an acoustic signal when its amplitude exceeds a given amplitude level. Thresholding systems do not require any complex computations, but they suffer from low sampling frequency, low signal-to-noise ratio (SNR), and inherent bias, particularly when the received signal has been greatly attenuated (see Figure 26).

Noise can increase the likelihood of false positives and threshold mechanisms are particularly susceptible to this type of error. In low-SNR environments, it is necessary to perform some form of amplification or, equivalently, reduce the threshold for detection, making it more likely that false positives occur as the threshold level and noise level become comparable. The effect of low sampling frequency is subtler and is implicated in all timedomain methods: low sampling frequency decreases the resolution with which one can determine the time at which an event (such as a threshold being crossed) occurred. In the case of a threshold system, a low sampling frequency will always introduce a bias that can increase the measured delay. Finally, there are two causes for an inherent bias to longer delays, independent of those mentioned, in a simple threshold system. First, no matter how ideal is the emitted pulse from the transducer, there will always be a rise time for the signal when it is detected. Second, and more importantly, the decision of where to set the threshold is a compromise that introduces bias [30]- [32].

 Curve-fitting method

An alternative method is the curve fitting method that produces an unbiased TOF measurement. In this technique, a nonlinear least-squares method is employed to fit a curve to the onset of the received echo. A parabolic curve of the form 𝑎 0 (𝑡 -𝑡 0 ) 2 is fitted to the signal envelope around the rising edge of the echo [38]- [START_REF] Mamullen | A simple rising-edge detector for time-of-arrival estimation[END_REF]. First, initial estimates of the two parameters a 0 and t 0 are obtained: the initial estimate for t 0 is found by simple thresholding, and a 0 is estimated from the second derivative approximation around the threshold point. These are used to initialize an iterative numerical procedure: the Levenberg-Marquardt nonlinear least-squares method [41].

The authors of [START_REF] Mamullen | A simple rising-edge detector for time-of-arrival estimation[END_REF] have employed a simpler but less robust version of curve-fitting that does not require the nonlinear interactive fitting procedure: Two different threshold levels  1 and  2 ( 2 > 1 ) are set, and the vertex of the parabola passing through the two signal samples at witch  1 and  2 are exceeded is found as:

𝑡 0 = √  2  1 ⁄ 𝑡 1 -𝑡 2 √  2  1 ⁄ -1 (19) 
Such as:  1 = 𝑎 0 (𝑡 1 -𝑡 0 ) 2 and  2 = 𝑎 0 (𝑡 2 -𝑡 0 ) 2 (20)

Here, t 1 and t 2 are the time samples at witch  1 and  2 are exceeded. The curve-fitting estimation reduces/eliminates the bias inherent to threshold method by using of a larger portion of the signal [32]. A more suitable TOF estimation technique is the cross-correlation [30], [33]- [37]. Here, the transmitted and received signals are cross-correlated. The TOF can be estimated when the correlation result reaches its maximum. Comparing with the threshold and the curve fitting techniques, the cross correlation works well with low SNR signals, and it is less affected by low-sampling rate problems [42]. It uses all the information contained in the signals; therefore, it is considered [43] as an optimum TOF estimator technique. The accuracy here depends mainly on the sampling rate.

In this study, the signal's TOF is evaluated using the cross correlation method. This technique takes the first series of echoes reflected inside the delay line (transmitted signal x(t)) and the second series of echoes reflected on the plate surface (received signal y(t)~x(t-τ0)) and then produces a time-domain signal whose maximum occurs at the delay time τ0 (see Figure 30). The time resolution and accuracy of the received signal's TOF is particularly improved by calculating the cross-correlation function of two series of echoes (see figure 25 & 27) instead of two echoes (transmitted and received echoes) and by improving the sampling frequency of signal processing.

The cross correlation R xy (t) of the sequences x(t) and y(t) is defined by the following equation:

            d t y x t y t x t Rxy ) ( ) ( ) ( ) ( ) ( ( 16 
)
where the symbol  denotes correlation.

Due to the level saturation of the transmitted signal, the experimental first series of echoes was replaced by the simulated one (the blue curve in Figure 23). The cross correlation result is shown in Figure 27. The cross correlation measures the similarity between the first and the second series of echoes as a function of the lag of one relative to the other. The wave amplitude of the cross correlation result increases according to the degree of similarity between the two series, and then reaches the peak matching the point in time where the signals are best aligned. Then the wave amplitude decreases when the series are less similar. The wave peaks depend on the transducers structure, such as the time interval between these peaks corresponds to the delay line thickness. After calculating the cross-correlation, the time delay between the two signals is determined by the argument of the maximum with a time resolution of 10 ns.

XI. Conclusion

This chapter presents a specific high frequency ultrasonic device, radiation resistant, allowing the measurement of fuel plates' swelling, i.e. the water channel thickness variations, inside a High Flux Reactor. It contains two ultrasonic transducers inserted at the end of a blade. With a total thickness of 1 mm, the device is further attached to a cylindrical holder to be manipulated from a distance of the order of 5 meters below the water surface. To allow a precise monitoring of the fuel element evolution, a resolution of a micron is searched while the dimension between the plates is close to the millimeter. To achieve this expected resolution, the system is excited with frequencies up to 120 MHz and integrated into a set of high frequency acquisition instruments. At these high frequencies, the multilayer structure of the transducers plays a central role in the shape of transmitted and received signals, hence the need to model the wave propagation inside these structures. The developed model is based on the transfer matrix method.

After manufacturing the high frequency transducers, their structures have been controlled by the acoustic microscopy to make visible images of their internal features, including the flatness of layers and defects such as cracks, delaminations and voids.

Based on the pulse-echo method, this device allows distance measurements through the signal's time of flight t (TOF) estimation. Several methods are available. The method most frequently used by sonar ranging systems is threshold detection. It is simple, but produces a biased estimate. To eliminate this bias, a parabolic fit method, which provides a parabolic fit to the leading edge of the echo envelope, was proposed. It has zero bias, but large variance. The optimum method for estimating time-of-flight is the correlation detection, since this makes use of all information in the signals. Therefore, to estimate the signal's TOF (t), a signal processing using the cross-correlation method has been developed. It relates the distance d between fuel plates to the speed of sound v in the medium (water), through the simple equation d=c×t⁄2. An obvious difficulty in applying this equation is the variability of v with temperature. In order to achieve accurate temperature measurement of the water channel, we introduce a new technique which is based on the resonance frequency change of transducers. This technique, described in the next chapter, has the advantage to use the same transducers for both measuring the thickness and the temperature of the water channel. 

List of Figures

I. Introduction

The high frequency ultrasonic device described in the previous chapter allows distance evaluation through the ultrasonic wave time of flight (TOF) measurements. An obvious difficulty in applying this measurement is the variability of the speed of sound in the propagation medium with temperature. Therefore, to ensure the reliability of the distance measurement, the present chapter deals with the development of a technique allowing the measurement of the water channel temperature. While contact [1] or optical [2], [3] methods can be found in the literature, we propose a new technique based upon the analysis of the spectral components of an acoustic signal that propagates inside the developed transducer structure, the dimensions of this latter varying with thermal expansion [4].

An experimental set-up measuring the propagation velocity of the ultrasonic wave in water according to the temperature was developed in order to evaluate the performance of the high frequency ultrasonic device. Various methods have already been successfully proposed to determine the ultrasonic velocity dependence to the temperature [5]- [9]. They require the knowledge of the thickness of the tested solid or liquid or other information from which the thickness can be derived. Then, from the time-of-flight measurements, the sound-speed can be deduced at a given temperature. Based on a similar principle, the experimental set-up allows the evaluation of the speed of sound in water contained in a tank, whose width is previously defined. Results are then compared to the literature [10], demonstrating thus the accuracy of the ultrasonic device. This chapter has been divided into two sections, the first one dealing with the temperature measurement system. In this section, a brief state-of-the-art of the temperature measurement techniques is reported. Then the principle, the computer simulation, and the experimental results of our technique for measuring the water channel temperature are presented. Section 2 gives a detailed description of the experimental set-up that allows the identification of the ultrasonic velocity in water dependence to the temperature.

II. Temperature measurement 1. Techniques of temperature measurement

Temperature measurement in today's industrial environment encompasses a wide variety of needs and applications. To meet this wide array of needs, the industry has developed a large number of sensors and devices. Devices to measure temperature can be divided into two separate categories: contact and non-contact probes. The frequently used devices allowing a contact are thermocouples [11]- [14], and thermal resistances [16], [15]. The non-contact temperature sensor category includes a wide variety of primarily optical devices.

 Thermocouples:

The thermocouples principle is as follow: When two conductors made from dissimilar metals are connected forming two common junctions and the two junctions are exposed to two different temperatures, an electric current is produced [11]- [14].

 Thermal resistance:

Metallic conductor's resistance increases with temperature, while that of semiconductors generally decreases with temperature. Resistance thermometers employing metallic conductors for temperature measurement are called Resistance Temperature Detector (RTD), and those employing semiconductors are termed as Thermistors [16], [15] .

 Optical devices

Optical measurements involve the detection of light. Any parameter that changes with temperature, for example, changes in emission intensity, lifetime, optical path length or phase of an electromagnetic wave can be used to estimate the sample temperature. Optical techniques commonly used for temperature measurements are infrared thermography [17]- [19], fluorescence thermography [20], [21] and optical interferometry [22]- [24].

To summarize, each technique previously listed for measuring temperatures has its own advantages and disadvantages. Indeed, the RDT advantages include high accuracy, low drift, wide operating range (from -200 to 650 °C), and suitability for precision applications. Moreover, RTDs are more rugged and have more or less linear characteristics over a wide temperature range. However, a standard RTD sheath is 3.175 to 6.35 mm in diameter [25]. Therefore, it cannot be immersed between fuels plates, spaced of 1.8 mm.

The advantages of thermistors are similar to or the same as those for RDTs, except that the RDTs are less sensitive to small temperature changes and have a slower response time. However, thermistors have a smaller temperature range and stability with nonlinear characteristics. Another drawback is that thermistors are fragile and therefore require delicate handling and mounting [11].

The thermocouples can measure temperatures over wide ranges from -180 to 2,320 °C. They are very rugged, with diameters less than 1.6 mm, but they are somewhat less accurate than RTDs and thermistors. Indeed, if a tolerance of 2 °C is acceptable and the highest level of repeatability is not required, a thermocouple will can be used [26].

Optical methods provide far-field non-contact temperature mapping and they are capable to map temperature distributions over relatively large areas. However, they can be cumbersome; therefore they cannot be inserted between fuel plates where space is very limited to perform temperature measurement along the water channel.

In order to achieve the water channel temperature measurements, with a high spatial resolution, a new technique is developed. Instead of using a contact probe or an optical probe, this new technique is based upon the resonance frequency change of the transducers (presented in the previous chapter) according to the temperature. The most advantage of this technique is to make possible simultaneous measurements of the water channel's distance and temperature.

Resonant frequency change: the most relevant technique

No standard systems can be used to perform temperature measurements along the water channel between two high-irradiated fuel plates with difficult access constraints. The developed device (presented in the previous chapter) has been used to address this issue. This device enables temperature changes to be translated into frequency changes. Indeed, the spectral components of the acoustic signal that propagates inside the transducer structure changes according to the temperature.

When immersed into the water channel, the sensor temperature variation leads to a thermal expansion of its multi-layered structure, yielding in particular modifications of the layers dimensions. Among these layers the piezoelectric element, whose thermal expansion greatly influences the acoustic signal. The other transducer layers have either negligible thicknesses or negligible thermal expansion coefficient compared to the one of the piezoelectric element. Indeed, thicknesses of the glue, the chrome and the gold layers are less than 5µm. Moreover, the thermal expansion coefficient of the silica layer is equal to 4.1 10 -7 /C° [3], [27] while that of the piezoelectric element is equal to 14.10 -4 /C° [28]. As a result, the transducer resonance frequency is mainly related to the piezoelectric element thermal expansion. This expansion induces a thermal variation of the piezoelectric element thickness and variation of the sound speed. These two parameters are related to the resonance frequency of the transducer according to:

𝑓 = 𝑣 2𝑑 . ( 6 
)
where v is the ultrasonic velocity of the piezoelectric element. Therefore, the frequency variation f/f can be expressed as:

∆𝑓 𝑓 = Δ𝑣 𝑣 - Δ𝑑 𝑑 . (7) 
The sound velocity in solids is equal to

𝑣 = √ 𝐸 𝜌
where, E is the young modulus and  is the piezoelectric element density. Thus, the velocity variation v/v can be written as:

∆𝑣 𝑣 = 1 2 ( Δ𝐸 𝐸 - Δ𝜌 𝜌 ). (8) 
Therefore the frequency variation f/f is equal to:

∆𝑓 𝑓 = 1 2 ( Δ𝐸 𝐸 - Δ𝜌 𝜌 ) - Δ𝑑 𝑑 . (9) 
The young modulus can be expressed in terms of the compliance constants (or elastic moduli) S 11 , as follows: E = 1 S 11 [29]. This means that:

Δ𝐸 𝐸 = - ∆𝑆 11 𝑆 11 . (10) 
Equation (10) indicates that f/f depends on the expansion d/d, on the density variation d/ , and on the elastic constant variation S 11 / S 11 .

The piezoelectric element thickness d increases when it is heated at constant pressure, according to the thermal expansion law [30]:

∆𝑑 = 𝛼 × ∆𝑇 × 𝑑(𝑇 0 ). ( 11 
)
where  is the linear thermal expansion coefficient. Therefore, the expansion d/d can be written as:

∆𝑑 𝑑 = 𝛼∆𝑇 1+𝛼∆𝑇 (12) 
In the case of lithium niobate, the elastic constant temperature derivative is expressed as follows [31]:

∆𝑆 11 𝑆 11 = 𝑎∆𝑇 (13) 
where a= 1.66 10 -4 /°K.

It is well known that the density is defined by the ratio: 𝜌 = 𝑚 𝑉 measured in kg/m3. At the temperature T0, the density is equal to: 𝜌 0 = 𝑚 𝑉 0

.

At a given temperature T, the volume of solid materials is expressed as [32]:

𝑉 = 𝑉 0 (1 + 𝛾∆𝑇) (14) 
where γ, measured in °C-1 or K -1 , is the volume expansion coefficient [33].

So: 𝜌 = 𝑚 𝑉 0 (1+𝛾∆𝑇) = 𝜌 0 1+𝛾∆𝑇 (15) 
Therefore the density variation d/ can be written as:

∆𝜌 𝜌 = -γ∆𝑇 (16) 
From ( 12), ( 13) and ( 16) equations, the frequency variation f/f is expressed as:

∆𝑓 𝑓 = - 𝑎∆𝑇 2 + γ∆𝑇 2 - 𝛼∆𝑇 1+𝛼∆𝑇 (17) 
A simulation based on the last equation was developed to observe the effect of the temperature change on the transducer's resonance frequency (see Figure 1). As most research reactors, the High Flux Reactor operates at low temperatures (<100 °C) and during in-situ measurements, the water pool temperature doesn't exceed 35 °C. For this reason, computer simulations and experiments presented later in this report have been performed in temperature range from 10 °C to 40 °C.

The Figure 1 shows that when the transducer is heated, its resonance frequency decreases. This frequency decrease is about 4.2 MHz when the temperature ranges from 10 °C to 40 °C. Therefore, the frequency evolution is 3.54% over 30 °C which corresponds to a frequency variation of 0.11%/°C. As well known, the measurement resolution is proportional to the transducer resonance frequency which is temperature dependent. Therefore, when temperature ranges from 10 °C to 40 °C, the measurement resolution varies of 0.3%/°C, this value being computed from the estimation of the wavelength variation with the temperature.

The transducer resonance frequency change was then evaluated experimentally. Values were determined after the settling time of the transducer temperature estimated of one second.

The experimental set-up

The experimental set-up requires the use of an electronic chain of instruments (see Figure 2). It includes the high frequency ultrasonic device, the PXI platform described in the previous chapter (including the pulse generator, the controller system, amplifiers and the acquisition board), a thermostatic bath (HUBER CC-K12), and a signal acquisition and processing software. The temperature was controlled via a refrigerated-heating bath with air-cooled refrigeration unit. The temperature control bath performs typical heating and cooling tasks at temperatures ranging from -20 to 200°C with a stability of ±0.02°C which induces an ultrasonic velocity uncertainty of ±0.05 m/s and thus an uncertainty on distance measurement of ±0.12 µm. The thermostatic bath has a circulating pump that guarantees an optimum stirring of the bath and the temperature homogeneity. It was controlled by a program developed on the NI LabVIEW software (see Appendix 4). The proposed measurement system operates as follows: First the ultrasonic device was immersed in deionized water contained in the thermostatic bath. Then it was excited by the pulse generator. The generated ultrasound wave propagates through the sensor multilayered structure, resulting in echoes reflected from interfaces. These echoes are then amplified, filtered, sampled at a 2.5 GS/s frequency and displayed to be processed.

To perform temperature measurements, the thermostatic bath regulates the water temperature at the initial value (T010°C). Once the temperature is stabilized, an echo (nonsaturated and non-overlapped) is selected from the received signal. The peak of its frequency spectrum corresponds to the transducer resonance frequency. The peak value is then stored at the temperature T 0 . Knowing that the transducer response time is about one second, the same process is then repeated by heating water up to 40 °C by steps of 0.2 °C. At each step an average of 10 acquisitions is calculated. At the end, the measurement system displays the resonance frequency variations at temperatures ranging from 10°C to 37 °C (see Figures 3).

Results

The results of the experimental set-up are shown in Figure 3. Here, the frequency variation for both transducers included in the blade sensor is evaluated in the temperature range [10 °C -37 °C]. The experimental results were compared with simulated values to evaluate the accuracy of the measurement system. 1,170E+08 The resonance frequency of the first transducer (Figure 3) presents a stable behavior with decreasing values from 121.9 MHz at 10 °C to 117.7 MHz at 36 °C. A maximum difference with the simulated values of 0.2 MHz is observed around 15 °C.

The second transducer has, however, an unstable behavior (Figure 4). A decrease of 3.7 MHz in the transducer resonance frequency was observed, when water was heated from 10 °C to 37 °C. A large difference between the experimental and the simulated values was observed between 15 °C and 28 °C, and then around 30 °C, such as the maximum difference was about 0.6 MHz. The cause of this large variation is being studied but is not yet understood. Therefore, the water channel temperature measurement is based, in the following, upon the simulated resonance frequency change (red square in Figure 3).

To check the feasibility and perform quantitative measurements of the water channel temperature, series of measurements were carried out on ILL spent fuel elements. During this experiment, the sensor has been positioned between two fuel plates, and then it slid along the water channel to perform continuous measurements. From the measured transducer frequency and by referring to the frequency variation law f(T) presented in Figure 8, the water temperature was deduced.

The feasibility of such challenging temperature measurement has already been proved, and thermal information of two water channels has been deduced. The results and the experiment feedbacks are presented and discussed in the next chapter. 

III. Velocity measurement 1. Principle

The evaluation of the high frequency ultrasonic device, developed for distance and temperature measurements, was performed under laboratory conditions (without radiative flux) to check the device accuracy as well as its possible error sources during measurements. The proposed system deals with the determination of the ultrasonic velocity in water according to the temperature.

Traditionally, the measurement of ultrasonic wave propagation velocity is carried out by measuring the time necessary for the wave to complete a known path; or by the "sing around" technique, in which the ultrasonic pulse, after having completed the known path, is utilized to re-trigger the transmitter [34]. Thus, the system has an ultrasonic pulse digit period dependent on the velocity and the length of the path that the wave must cover inside the medium. To achieve high accuracy in velocity measurements it is necessary to know precisely the length of the ultrasonic path. The percentage error committed on measurements of the path length recurs in the same percentage in the estimation of velocity [35].

The method proposed here is based on the classical technique where time of flight measurements is performed along known reference distances [4]. During the calibration process, home-made tanks with controlled thicknesses were used as reflectors (Figure 5). First the device was positioned inside a tank which is filled with pure water. Then, transducers which are set on the opposite sides of device send a high frequency ultrasonic wave that radiates in their silica delay line. These radiations generate echoes that propagate in water before being reflected on the tank walls. Reciprocally, the transducers receive the acoustic signal. The time-of-flight (TOF) is then estimated from the maximum peak time in the crosscorrelation function of the first series of echoes (radiation in the delay line) and the second one (reflection on the tank walls). The ultrasonic velocity is, thus, deduced from the TOF of the acoustic signal according to:

𝑣 = 2 × 𝑑 𝑡𝑎𝑛𝑘 -𝑑 𝑠𝑒𝑛𝑠𝑜𝑟 𝑇𝑂𝐹 𝑡𝑟𝑎𝑛𝑠𝑑𝑢𝑐𝑒𝑟1 +𝑇𝑂𝐹 𝑡𝑟𝑎𝑛𝑠𝑑𝑢𝑐𝑒𝑟2 (18) 
Where d tank is the known tank thickness, d sensor is the sensor thickness of about 1mm and TOF transducer is the time of flight of the acoustic wave measured by each transducer. Measurements were performed in tanks having different widths from (1.8 mm and 2.5 mm) and by heating water from 10°C to 40 °C. At the end, experimental results, presented in the following section, are compared to the literature [10] to evaluate the accuracy of the ultrasonic device and to identify the different sources of errors. 

The experimental set-up

The proposed system is basically the same as that used for temperature measurement (see Figure 6). In this case, the ultrasonic sensor was placed inside the quartz tank by using a position control system. The tank was immersed in the thermostatic bath (HBER CC-K12) which is capable of regulating the temperature with a 0.02 °C resolution. It regulates and maintains the temperature via the thermostatic bath pump which stirs the water to ensure a uniform temperature in the medium. The bath was filled by deionized water similar to that of the reactor. First, the transducer is immersed in a tank to save acoustic signals at temperatures ranging from 10 °C to 40 °C. Signals were acquired each 50 ms and they were used to found the ultrasonic propagation speed in water from the time-of-flight measurements. The propagation speed results were averaged for each 10 measurements and the standard deviation was calculated. The same experiment is then repeated in a larger tank.

Results

The experimental results of the sound velocity variation according to the temperature are shown in Figure 7. Measurements performed in the first tank (d1=1.8  0.01 mm) are marked with red square and those performed in the second tank (d2=2.5  0.01 mm) are marked with green triangles. The experimental results were then compared to the literature [10]. Theoretically, the sound speed in water was calculated according the following law:

𝐶 = a 0 + 𝑎 1 T + 𝑎 2 T 2 + 𝑎 3 T 3 + 𝑎 4 T 4 + 𝑎 5 T 5 (19) 
Such as: As mentioned above, the propagation speed results were averaged each 10 measurements and the maximum standard deviation was 0.73 m/s at 25 °C with the first tank (1.8 mm width) and 0.71 m/s at 25 °C with the second tank (2.5 mm width).

Coefficients (a i ) Values a 0 + 1.40238689E + 3 a 1 + 5.03686088E + 0 a 2 -5.80858499E-2 a 3 -3.34817140E-
The Figure 7 shows that the measurement system produced appropriate values compared to the data reported by [10]. Indeed, the experimental results present an upward behavior with values from 1450 m/s at 10 °C to 1530 m/s at 38 °C having a maximum difference of 4m/s at 11 °C with the theoretical values. The average difference between both states of the experimental results (for d1=1.8 mm and d2=2.5 mm) was 1.55 m/s with a maximum difference value of 2.2 m/s at 10 °C.

IV. Estimation of the experimental uncertainty

In the previous experiments, several parameters have been identified as possible causes of uncertainty on the final estimation of the measured distance. Error sources can be summarized in the following points:

 Influence of the transducer resonance frequency change according to the temperature: As mentioned in the previous section of this chapter, by heating the water from 10 °C to 40 °C, a decrease of 0.11%/°C of the transducer resonance frequency was observed. This variation has, however, an effect on the measurement resolution which varies also of 0.3%/°C. The variation of the resonance frequency according to the temperature has also an effect on the ultrasonic wave time of flight estimation. Indeed, a ToF error of 0.1% was observed when the temperature ranges from 10 ° C to 40 ° C (see Figure 8). This calculus has been In the case of the fuel plates, knowing the radius of the fuel plate curvature, the inter-plate distance, and the blade thickness (1 mm), the maximum inclination possible of the transducer has been estimated to be less than 3 °. This inclination can cause an error of distance measurement of 4 μm (see Figure 11). To address this issue, measurements must be performed only when the receipt signal is maximal for both transducers at the same time. A second solution, which is being studied, consists on drilling a small hole on the delay line of silica in order to create an acoustic lens. This solution aims to focus the acoustic waves in order to compensate the possible angular discrepancy between the silica glass surface and the fuel plates.

To conclude, the main errors sources and their influences on distance measurements are shown in Table 2. 

Error sources Distance measurement error

Frequency variation according to the temperature + tank tolerance (10µm) ±13.5 µm

The thermostatic bath stability (0.02 °C) ±0.12 µm Error related to the non-parallelism of the ultrasonic device to the tank walls (max 3°) ±4 µm The above table summarizes the identified sources of errors on the distance measurements. They lead to an ill-estimation of less than 0.8%, rounded to 1% in the table. This means that, in our experiments, the total error on the inter-plate distance estimation is less than 20 µm.

Total error estimation ± 18 µm

V. Conclusion

The distance measurement accuracy depends upon the ultrasonic wave's time of flight and velocity in the water channel. The ultrasonic velocity is temperature dependent. Therefore, measuring the water channel temperature was necessary to perform accurate measurements. Nowadays no standard technique is yet available to measure water temperature flowing between two close fuel plates, highly irradiated and immersed 5 m underwater.

To address this issue, a system allowing thermal monitoring from the analysis of the spectral components of our ultrasonic transducer was designed (presented in the second chapter). Indeed, the water temperature variation induces a thermal expansion of the transducer layers, yielding in particular modifications of piezoelectric element dimensions. As a result, the transducer resonance frequency is related to the piezoelectric element thermal expansion. Therefore, it was proved through the proposed measurement system that the transducers resonance frequency decreases by approximately 4 MHz when water is heated from 10 °C to 40 °C. The experimental results and the simulated data were compared and they underwent the same behavior, with a slight difference of 0.2 MHz at 15 °C, except for the second transducer having an unstable behavior. This behavior is being studied.

To check the performance of the developed ultrasonic device, the second section of this chapter deals with the identification of the temperature dependence of the ultrasonic velocity of waves propagating in water. To this aim, an experimental set-up was developed to perform speed of sound measurements in home-made tanks with controlled thicknesses. From the time-of-flight measurements, the speed of sound was deduced at temperature ranging from 10 °C to 38 °C. While being close to values proposed previously in the literature, the developed system indicates that the high frequency ultrasonic device is ready to perform distance and temperature measurements in the HFR fuel element.

The distance and temperature measurements techniques were then tested on a full size irradiated fuel element of the French High Flux Reactor (HFR). The feasibility of such challenging measurement has already been proved and the experimental constraints attached to measurement procedure have been identified. 

List of Figures

I. Introduction

Deeply engaged in the conversion process, the ILL has designed an optimized LEU fuel element, which is based upon the high density LEU fuel (UMo). Nevertheless, the UMo fuel is not yet experimentally validated [1]. Prior experiments have shown that dispersion UMo fuel can swell under irradiation [2]. Therefore, post irradiation examinations (PIE) of the new fuel element must be carried out in order to achieve the qualification process. One of the most relevant ways to examine the fuel plate swelling is to carry out inter-plate distance measurement using the high frequency ultrasonic device. However, these measurements were very difficult. Indeed, the fuel element was placed 4 m below the water surface. Therefore, to allow the access to the inter-plate space of 1.8 mm, a 5 m long stainless steel support was manufactured. The support dimensions make it heavy and thus difficult to handle by an operator which is held in a cradle. Moreover, all systems were under high radiations.

During this research project, the inter-plate distance measurements have already been assessed through two experiments carried out on fuel elements based upon the current HEU fuel UAlx. The experimental constraints were deducted at each experiment to improve the accuracy in the future works.

The first experiment where the fuel element was not totally spent proved the feasibility of such challenging measurement in a highly radioactive environment. It was demonstrated that the different components of the ultrasonic transducers showed good resistance to radiations. Moreover, the quality of the signal to noise ratio was clearly sufficient to get a very stable assessment of the inter-plate distance. Experimental constraints were also identified and the temperature dependence of the measure has been considered as an important parameter.

To improve the measurement reliability, these constraints have been considered in the second experiment performed within the RHF spent fuel element, more radioactive than the one used in the feasibility experiment. During this experiment, the first series of quantitative distance measurements were performed with an updated blade and the feasibility of the temperature measurements was proved. Measurements were carried out, for a long time, in higher radioactive environment. Some flaws may still have to be corrected to perform an absolute measurement in future works.

These two experiments will be detailed in this chapter. In the first section, the experimental set-up, the results and the feedbacks of the first experiments will be presented. In the second section, the water channel temperature measurements are presented, then the inter-plate distance evaluation, before and after radiation, is shown and discussed. At the end, the experimental constraints are identified.

II. The first experiment on a full size irradiated fuel element of the RHF 1. The experimental set-up

To study the behavior of the fuel elements after irradiation, an in-situ experiment leading to a first measurement of the inter-plate distance within a fuel element of the RHF reactor was performed. This measurement should enable characterization of the plates swelling, inherent in the irradiation, as well as structural changes (corrosion, delamination ...). The objective of this experiment was to study the feasibility of the distance measurement technique. Therefore, the blade was introduced only for few centimeters between the fuel plates.

During measurements the fuel element was placed 4 meters under water. Distance measurements were made with a blade with the following dimensions: a thickness of 1 mm, a width of 16 mm and a length of 620 mm. This blade was handled by an operator with a 5 m long stainless steel support (see chapter II). The cable connecting the blade to the electronics had a length of 15 m. A camera under water, radiation resistant, was also used to get a picture of the working area.

First the transducers, operating at frequencies up to 70 MHz, were calibrated in the water pool. Then, the blade was slit to perform measures in the upper central portion of the element (see Figure 2). Signals were recorded every 50 ms and distances were calculated by a postprocessing.

Results and discussions

Once acquired, the acoustic signal is filtered to be used for inter-plate distance measurements (see Figure 3). The Figure 3 clearly shows that despite the highly radioactive nature of the environment the quality of the ultrasonic signals was enough to ensure a stable identification of the interplate distances. However, due to the cable length, noise echoes appear in the signal. Moreover, the saturation of the first echoes is mainly due to the pulse generator that limits the received signal amplitude to protect the electronic system from high tension.

Stainless steel support

Fuel element

Camera

The ultrasonic device Fuel plates The inter-correlation of the first series of echoes (radiations in the delay line) without saturated ones with the second series (reflection on the plate surface) leads to the ultrasonic wave's time of flight evaluation. Then, by knowing the sound speed in water and the blade thickness, the inter-plate distance was deduced. Figure 4 shows the results of this first experiment of distance measurement. Several observations can be made from Figure 4. For the first 400 acquisitions, the relative distance was equal to 1.440.005 mm with a high stability. The difference between this value and the initially expected 1.8 mm can be related to the no-calibration of the ultrasonic device. In particular, some measurement errors can be related to an error of the blade thickness estimation that can yield a hundred micron ill-estimation. These parameters will be taken into account in the second experiment presented below. The large variations observable between the 80 th and the 120 th acquisition as well as around the 200 th correspond to withdrawals of the sensors from the measurement areas and should not be considered as relevant. A slight increase of the distance (1.470.001 mm) can be observed beyond acquisition 400 indicating a change in the thickness of the water channel.

Experimental feedback

The feasibility of the inter-plate distance measurement has been proved and relative values were obtained. Such measurements were, however, a real challenge due to the difficult access constraints to the space inter-plate and due to the highly radioactive environment. Measurements were performed in the middle radii of the fuel element and the blade was introduced only for few centimeters between fuel plates. Knowing that the transducers were subjected to 1000 gray/hour, this latter have resisted to radiation more than 4 hours. Moreover, the quality of the acoustic signal was very stable. At the end, the experimental constraints have been identified.

In order to introduce the blade along the water channel and into the three different radii (inner ring side, outer ring and the middle) of the fuel element, the blade dimensions were optimized. The thickness was kept at 1 mm while the width was reduced until 1 cm and the length was extended to 1.5 m (see Figure 5). The inner diameter of each transducer hosting hole was reduced to 6 mm with a spot facing, while the grooves were kept at the same dimensions. The blade material was 316L stainless steel. Both accuracy and resolution of distance measurement depend upon the water temperature variation. Indeed, in the previous chapter, it was proved that the measurement resolution can vary of 0.3%/°C according to the temperature. Moreover, the accuracy of distance measurement is related to the ultrasonic wave time of flight estimation and the ultrasonic velocity in water. These two parameters are temperature dependent. Indeed, it was observed that the ultrasonic wave ToF can vary of 0.1% while the ultrasonic velocity varies of 0.7% when the temperature ranges from 10 °C to 40 °C. This variation is small, but as we are looking for the microscopic resolution (10 µm), these errors become significant. To this aim, a new technique was developed to measure the water channel temperature. This technique, which is based on the spectral components of ultrasonic transducers, is presented in the previous chapter.

To get quantitative measurements, a second series of experiments was performed by considering the experimental feedbacks. These new experiments were carried out on a real RHF spent fuel element and have led to a first series of quantitative measurements.

III. The second experiment on a full size irradiated fuel element of the RHF 1. The experimental set-up

A second in-situ experiment was carried out on a real RHF spent fuel element. The experimental set-up is basically the same as that of the first experiment (presented in previous section). The fuel element was set-up 4 m under water, and measurements were performed with the updated blade handled by an operator with a 5 m long stainless steel support. The cable connecting the blade to the electronics had a length of 15 m. Unlike the feasibility experiment where the blade was introduced for few centimeters between fuel plates, in the second experiment, measurements were performed in different water channels and the blade was introduced until almost half of the water channel.

At first the water pool temperature was measured. Then, series of distance and temperature measurements have been performed in three different water channels to check the repeatability of measurements, the radiation resistance of transducers (for a long time), the feasibility of temperature measurements and to get quantitative distance measurements. In this section distance and temperature measurements performed in two different water channels will be presented. In the first water channel (N° 75), the blade was introduced at a depth of 4 cm and by recording the acoustic signal, the blade was ascent progressively (see Figure 6, diagram at the right). While within the second water channel (N° 2), the blade was introduced at a depth of 30 cm. Then, by recording the acoustic signal every 50 ms, the operator brought out the blade in two stages (see Figure 6, diagram at the left):

 Stage 1 (for the first 14 centimeters): the operator brought out the blade by steps of 1 cm. At each step, the blade is stabilized to be perfectly parallel to the plates (by getting a maximum signal with both transducers) before performing measurements.  Stage 2 (for the last 16 centimeters): the operator brought out the blade continuously. The aim is to compare the two ways of measuring distance and to deduce the advantages and disadvantages of both methods. In both water channels (N° 75 and N° 2), the blade have been ascent manually. Therefore, we haven't any information about the speed of the ascent.

Water pool temperature measurements

Before introducing the blade between fuel plates, transducers were calibrated in the waterpool. The water pool temperature was deduced from the transducers resonance frequency (see Figure 8 & 10) and by referring to the frequency variation law presented in the previous chapter. The transducer resonance frequency is derived from the frequency spectrum of an echo (unsaturated, non-noisy and non-overlapped echo) selected from the first series of echoes (radiations in the delay line) see Figures 7 and9. For the first transducer, the resonance frequency was equal to 95.89±0.01 MHz corresponding to a temperature of 28.37±0.07 °C. The measured temperature was near to the predefined one (T=28.3 °C), such as the relative error was about 0.25%.

For the second transducer, the resonance frequency was equal to 118.8±0.01 MHz corresponding to a temperature of 28.29±0.07°C. Therefore, the Measurement error was about 0.25% (such as ∆T=0.07°C and the predefined value of the temperature was T=28.3 °C). After the calibration step, the blade was then introduced into a water channel to perform, simultaneous, temperature and distance measurements.

Water channels temperature measurements

Temperature measurements of the first water channel

Transducers' resonance frequency changes were evaluated by ascending the blade within the first water channel from a depth of 4 cm. Values were derived from the frequency spectrum of an echo reflected in the delay line (first series of echoes). This echo was unsaturated, rarely overlapped, and slightly influenced by the electrical noise due to the cable length.

As mentioned above, the blade was handled 5 m above the water surface and it was ascent manually. Therefore, the speed of the blade ascent was not controlled. The thermal time constant of the transducers is less than one second. The Figures 11 and12 show the transducers frequency variation, such as values correspond to averages of 100 measured frequencies. The first acquisition represents the transducer frequency at a depth of 4 cm of the water channel, while the last acquisition corresponds to the transducer frequency at the top of the plates. During this experiment, the average frequency measured by the first transducer was 95.8±0.01 MHz with a standard deviation of σ=0.47 MHz. A large frequency variation was also observed around the 1200 th acquisition. For the second transducer, the average frequency was 118.9 ±0.01 MHz with a standard deviation of σ=0.52 MHz. The observed perturbations can be related to:

 The electrical noise caused by the length of the cables (about 15 m). Their spectral responses can be added to the transducer frequency.  A slight overlap of the selected echo (used to evaluate the transducer frequency) with reflections on the plate. This overlap can be by moving the blade closer to the plate According to frequency measurements shown in Figure 13, and by referring to the frequency variation law, the water temperature was deduced. 

Acquisitions

Figure 13 shows a good stability of temperature measurements for the first transducer. The temperature average was about 28.280.1 °C, with a standard deviation of 0.3 °C. At the top of the fuel plates (last acquisitions), the water temperature was equal to 28.20.1 °C which is near to the water-pool temperature (equal to 28.3 °C).

The water temperature measured by the second transducer shows some perturbations. These perturbations can be caused by overlap of echoes (specially the echo from which the transducer frequency is deduced) or electrical noise. Generally, temperature measurements were around 27.80.1 °C, with a standard deviation of 0.33 °C. Therefore, the average temperature gradient between the two transducers was about ±0.48 °C.

Temperature measurements of the second water channel

During the second series of experiments, the water-pool temperature was equal to 27.8 °C which corresponds to 95.95 ± 0.01 MHz and 118.9 ± 0.02 MHz respectively measured by the first and second transducers. Measurements were performed in the second water channel. plates. Several observations can be made from these figures. Indeed, for the first transducer, the frequency measurements were globally stable around a mean of 96.1  0.1 MHz, with a standard deviation of =0.26 MHz. A slight frequency increase (about 0.2 0.01 MHz) was observed for the first 800 th acquisitions and then a decrease of 0.1 0.01 MHz was observed beyond the 800 th acquisitions.

The second transducer has a similar behavior than the first one. The frequency measurements were around 119.01±0.01 MHz with a standard deviation of σ=0.17 MHz. A slight frequency increase (about 0.2 0.01 MHz) was observed between the 1300 th and 1400 th acquisitions.

From the frequency measurements (Figures 14 and15), the water channel temperature was deduced (see Figure 16). The average temperature, measured by the first transducer, was equal to 27.1±0.1 °C with a standard deviation of 1.65 °C. At a depth of 30 cm the water channel temperature was around 26.6±0.1 °C and by ascending the blade, the temperature increased up to 28±0.1 °C.

For the second transducer, the temperature was 27.08±0.01 °C with a standard deviation of σ=1.06°C. At a depth of 30 cm the water channel temperature was around 26.6 °C and by ascending the blade, the temperature increased up to 27.3±0.1 °C. A sudden decrease (about 1 °C) was also observed between the 1300 th and 1400 th acquisitions. This variation can be related to the frequency measurement error or to the passage of a cold water flow.

The average temperature gradient between the two transducers was about 0.02±0.01 °C, while the difference between the water channel temperature and the water pool temperature was equal to 0.2±0.01 °C. From the temperature measurements, it was possible to deduce the ultrasonic velocity variation along the 30 cm of the water channel (see Figures 17 and18). For both transducers, the mean ultrasonic velocity was equal to 1501.9±0.06 m/s with a standard deviation of 4.1 m/s for the first transducer and 2.7m/s for the second one. The difference between the measured velocity and the predefined one (1503 m/s measured at 27.8 °C in the water pool) was about ∆v=1.1 m/s. Therefore, velocity measurement error of 0.07% leads an error in the distance measurement of 0.11% (such as ∆d = 2.03 µm and d (nominal) = 1,8mm).

Distance measurements before irradiations

Before irradiation, the inter plates distance measurements were performed by CERCA (Compagnie pour l'Etude et la Réalisation de Combustibles Atomique) based on the eddy current (EC) principle. In this technique, presented in figure 19, the probes consist in a ferrite core with a surrounding electrical coil and a ceramic top pushed against the measured surface. The coil is fed by a high frequency current, producing a high frequency alternating magnetic field, inducing eddy currents in the fuel plate cladding. The magnitude of the induced eddy currents depends upon the distance between the ceramic probe tip and the electrically conductive cladding material [3]. An example of a thickness measurement is given in figure 20. Variations of the water channel thickness can be observed and will be measured in the following sections in-situ thanks to the ultrasonic device previously presented. 

Water channel distance measurements post-irradiations 5.1 The first water channel thickness measurements post-irradiations

From the assessment of the ultrasonic wave time of flight and the speed of sound in water according to the temperature, the water channel thickness was deduced. Distance measurements were performed only when the blade was parallel to the fuel plates (maximum signal acquired by both transducers). Therefore, only the first 1150 th temperature measurements were considered. The aberrant values due to the movements of the blade in the measurement area were removed from the results. These results are shown in Figure 23, such as each value is a mean of 5 measures.

During the first 1150 temperature measurements (see Figures 13), the water channel temperature showed a good stability. The average temperatures measured by the first and the second transducers were, respectively, equal to 27.36 ±0.01 °C and 27.43±0.01 °C. At these temperatures, the average ultrasonic velocity was equal to 1502.2±0.02m/s in the propagation medium adjacent to the first transducer and 1502.8±0.01m/s on the other side of the blade. Ultrasonic velocity measurement error of v=0.6 m/s (0.04 %) can lead to a relative error on distance measurement of 0.62%. These results clearly show that in spite of the highly radioactive nature of the environment, the quality of the ultrasonic signals was sufficient to ensure a stable identification of the inter-plate distances.

Several observations can be made from Figure 21. Indeed by ascending the blade within the water channel, this later scans three different areas in the fuel plates. The first 40th values are acquired in the uranium zone of the plates. Here the average distance was equal to 1.79±0.005 mm with a standard deviation of 2.4 µm. A slight increase of the distance up to 1.89±0.001 mm with a standard deviation of 2.6 µm can be observed between acquisitions 44 th and 87 th indicating a change in the thickness of the water channel. Indeed, during these scans the blade was located outside the meat and the boron areas where no swelling is supposed to be happening. Finally, beyond the acquisition 100, corresponding to the boron zone of the plates, the water channel thickness was equal to 1.79±0.005 mm with a standard deviation of 2.4 µm. This is slightly less than the average channel thickness specified by the fuel plate manufacturer (CERCA), which can probably indicate a plate swelling of 0.1±0.004 mm (in particular, in the uranium and boron zone).

The large variations at the 100 th acquisition correspond to a slight vibration of the blade in the measurement areas and should not be considered as relevant.

The second water channel thickness measurements post-irradiations

As mentioned above distance measurement were also performed in a second water channel (N° 2) at two stages. At the first stage, the blade was introduced at a depth of 30 cm and then it was brought out by steps to a depth of 17 cm in the water channel. Then, the blade was brought out continuously. As mentioned above, the blade was handled manually by an operator from a distance of 5 m. Therefore, the speed of the blade ascent was not controlled. This parameter will be taken into account in the future works by developing a guiding system that allows the correlation of the measurements with the sensor position. Moreover, with this system the speed of the blade ascent/descent will be controlled.

 Distance measurements by steps :

The results of the first stage of distance measurement are shown in Figure 22. In Figure 22, the first value corresponds to the water channel thickness at 30 cm depth. Measurements were then recorded by ascending the blade by steps of 1 cm. For each position, the blade was placed perfectly parallel to the plates and hundred acquisitions were performed. For example, from the 9 th to the 10 th position the corresponding measurements are shown in Figure 23. This Figure clearly shows that in spite of the highly radioactive nature of the environment, the quality of the ultrasonic signals was sufficient to ensure a stable identification of the inter-plate distances. The observed disturbances are mainly due to electrical noise overlapping with the acoustic signal. Here, the average distance was about 1.830.01 mm, with a standard deviation of 1.62 µm. Several observations can be made from Figure 22. Indeed, along 14 cm of the water channel, the average distance was equal to 1.830.003 mm. The line scan clearly shows a deformed area with a maximum around 24 cm from the top of the plate. Locally, a thickness up to 1.850.005 mm was measured which is a decrease of 250 μm compared to the nominal water channel thickness of 2.1 mm. A Slight decrease of the water channel thickness down 1.810.001 mm was also observed around 19 cm from the top of the plate. This thickness variation probably indicates a change of the inter-plate distance due to the plates swelling in the meat area. 

Acquisitions

By measuring distance step by step, stable measurements at specific positions (separated of 1 cm) were performed. However, measurement points were insufficient.

 The continuous distance measurement :

The results of the second stage of distance measurement are shown in Figure 24. Blue points represent the raw data and the red line corresponds to an average value measured every 10 acquisitions. These results are a continuation of measurements presented in the previous section (Figure 22). Here, the blade was continuously displaced along the water channel (the speed of the blade ascent was not controlled).

On average the water channel thickness varies from 1.81 ± 0.01 mm to 1.84 ± 0.01 mm with a standard deviation of 15 µm while ascending the blade from a depth of 17 cm to the top of fuel plates. To conclude, in this second stage, several measurements at different positions were performed continuously.

Despite the difficult conditions of the experiment and the high radioactive environment, stable and appropriate measurements to the predefined ones (by the fuel plate manufacturer) were obtained.

Experimental feedbacks

First, the feasibility of temperature measurement has already been proved with success on a full size irradiated fuel element of the RHF reactor. The advantage of this measurement technique can be summarized in the following points:  Radiation resistance,  Precisely accurate. Indeed, small temperature variations (about 1/10) were detected allowing, thus, accurate distance measurements of 20 µm.  Instantaneous response (less than one second). Indeed as well known, the smaller the sensor, the faster the response in time. However, some flaws may still have to be corrected to perform absolute measurements. Indeed, it was observed that the temperature measurement technique was influenced by the electrical reflections in the cables of 15 m length. This adds low frequencies in the frequency spectrum of the transducers and noised echoes in the temporal signal. Therefore, the selection of echo, from which the transducer resonance frequency is deduced, becomes difficult.

On the other hand, the feasibility of distance measurements between high irradiated fuel plates was validated through the first experiment. This experiment has also proved that the different components of the ultrasonic transducers showed good resistance to radiations. Moreover, the quality of the acoustic signal was sufficient to get a very stable assessment of the inter-plate distance. Experimental constraints were identified, and then considered to improve the measurement accuracy during the second experiment. By using an updating ultrasonic device operating at frequencies up to 120 MHz, series of distance measurements were performed in different water channels. Therefore, the repeatability and the accuracy of the measurement system were proved, and quantitative measurements were obtained. Moreover, appropriate distance measurement results, compared to the values specified by the fuel plate manufacturer (CERCA), have been found with a slight difference probably indicating a water channel thickness variation. Thanks to the high frequency acquisition instruments and the ultrasonic device, distance measurements were performed with a precision of 20 µm.

However, the accuracy of distance measurements is related to the blade tolerance. Indeed, distance between fuel plates corresponds to distance measured by each transducer plus the blade thickness. Therefore, an error on the blade thickness measurement may cause an error on the inter-plate distance measurements. In future works, the blade thickness and transducers planarity will be controlled by high frequency acoustic microscopy. Moreover, during measurements, the blade/pole system was handled by hand thanks to an operator held in a cradle. Neither the parallelism of the blade relative to the plates nor the vertical position are respected in such a configuration. This is the reason why a new support system is being designed. The most recent drawings are presented below. Thanks to this new system, it will be possible to carry out accurate and quantitative measurements. The blade will be guided to be positioned in a water channel and then slid along the water channel to perform continuous measurements. The vertical position of the blade will be measured on line in order to correlate measurements with the sensor position. The blade can also be positioned at three different radii (inner ring side, outer ring and the middle) and in the 280 channels. The total height of the pole is around 5 m and it will be controlled from a platform located above water. Experiments gave us also some feedback for optimizing the transducers. One of the major options that will be tested in the next experiments is the modification of the silica glass. A small hole will be drilled in order to create an acoustic lens (see Figure 26). The aim is to focus the acoustic waves in order to compensate the possible angular discrepancy between the silica glass surface and the fuel plates. Such a discrepancy may be due to the gluing of the silica glass, which is a real challenging process. Finally, series of measurements will be carried out with the updated system on ILL spent fuel elements for both getting quantitative temperature measurements and performing absolute distance measurements. 

IV. Conclusion

This chapter presents the experimental results of the ultrasonic device using two high frequency ultrasonic transducers, radiation resistant, developed to measure fuel plates' swelling inducing water channel thickness variations inside a High Flux Reactor. The device was further attached to a cylindrical holder to be manipulated from a distance of 4 meters below the water surface. To allow a precise monitoring of the fuel element evolution, measurements were performed with a resolution up to 10 µm. To achieve this resolution, the system was excited with frequencies up to 120 MHz and integrated into a set of high frequency acquisition instruments. Knowing the speed of sound in water, the device allows the distance measurement through the evaluation of the ultrasonic wave's time of flight. The feasibility of such a challenging measurement in a highly radioactive environment has been proved during the first series of measurements and the experimental constraints have been identified. These constraints have been considered in the second experiment, performed in a full size irradiated fuel element, to improve the measurement reliability, in particular, the temperature dependence of the distance measurement and to get accurate and quantitative measurements. During this experiment, transducers have resisted to radiation for a long time (about 6 hours).

The evaluation of the local water temperature inside the water channels was performed using the ultrasonic device as a thermometer thanks to the analysis of the spectral components of the acoustic signal propagating inside the sensor multilayered structure. The feasibility of temperature measurement was proved during the second experiment in the RHF fuel element. Some of the results have been presented which clearly show that in spite of the highly radioactive nature of the environment, the quality of the measurements was sufficient to ensure a stable identification of the water channel temperature. Some experimental constraints were also identified to improve the accuracy of the measurement in future works.

Moreover, future developments of measurement system are envisaged, like using a guiding system to ease the insertion of the blade and to stabilize its position between the fuel plates. Furthermore, to reduce the potential impact of the non-parallelism of transducers relative to the plates on the acoustic signal, a new transducer with an acoustical lens will be tested. 
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Conclusion and Prospects

Examination of irradiated fuel elements is crucial for assessing the LEU fuel plate's behavior. A device using two ultrasound transducers, radiation resistant, was developed for such applications. The advantages of this device are obvious: increasing the feedback on irradiated fuel plates, shortening the cooling time needed before usual Non-Destructive Post Irradiation Examination (ND PIE) and replacing the usual ND PIE. Indeed, thanks to its small size (1 mm thickness), the device can easily be inserted within the water channel (1.8 mm nominal thickness) and thus provides measurements of one of the most feared behavior of fuel plates which is the plates swelling; i.e. the water channel variation. The operating principle is based on the measurement of the time of flight (T.o.F.), which is, the time needed for an ultrasonic wave to travel from the transmitter to the receiver after being reflected by the plate surface. Based on the pulse-echo method, the same transducer is used both as a transmitter and as a receiver. Distance measurements with a microscopic resolution are expected. Therefore, the transducers have been excited with frequencies up to 120 MHz, and integrated into a set of high frequency electronic instruments.

At high frequencies, the multilayer structure of the transducers plays a central role in the waveform of transmitted and received signals, hence the need to simulate the wave propagation inside these structures. The simulation results were then presented and compared to the experimental acoustic signal. A slight difference was observed which is being studied. To match experimental constraints, the model also includes a non-parallelism of the transducers relative to the plate surface, to estimate the error rate caused by this phenomenon.

After the manufacturing process, the structure of the transducers has been controlled by acoustic microscopy to make images of their internal features, including the fatness of layers and defects such as cracks, delamination and voids.

The high frequency ultrasonic device was then tested in a full size irradiated fuel element of the RHF reactor, proving thus the feasibility of distance measurements in a high irradiated environment. The validity of the absolute values was not confirmed, however, the excellent relative resolution, about few microns, makes possible the identification of areas of the interplate space contraction. The experimental constraints attached to measurement procedure were then identified. In particular, temperature measurement of the water channel was among these constraints. Indeed, the distance measurement accuracy depends on the ultrasonic wave ToF estimation and on the sound speed in water which is temperature dependent.

To address this issue, the high frequency ultrasonic device was used to perform temperature measurement along the water channel. It makes possible measurements from the study of the spectral component of the ultrasonic wave. Indeed, the thermal expansion of the piezoelectric element (which induces thickness variations) leads to a resonance frequency variation of the transducer. Therefore, the resonance frequency variation law of the transducer according to the temperature was defined, from which the water channel temperature was deduced.

The next step was to evaluate the ultrasonic device performances, in laboratory condition, by measuring the ultrasonic velocity in water contained in a tank with a known thickness. The results of this system were close to those previously proposed in the literature with less than 2% error, proving thus the reliability and the accuracy of the developed ultrasonic device.

A second series of measurements were then carried out in a full size irradiated fuel element. Measurements were performed by an optimized device, operating at frequencies up to 120 MHz, with the following dimensions: a thickness of 1 mm, a width of 10 mm and a length of about 1500 mm. These dimensions allowed the device to be easily inserted between fuel plates and to slide along the water channel. Through this experiment the first series of quantitative distance measurements were obtained. Measurements were performed in different water channels and appropriate results, compared to the values specified by the fuel plate manufacturer, were found with a slight difference indicating a water channel thickness variation. The feasibility of the water channel temperature measurement was also proved. The results clearly show that in spite of the highly irradiative nature of the environment, the quality of the measurements was sufficient to ensure a stable identification of the water channel temperature. Some experimental constraints were also identified to improve the accuracy of the measurement in future works.

There are many prospects for this thesis. To improve temperature measurements, it is necessary to search and eliminate all disturbance sources which can be due to an electric noise, the signal overlap, and so on.

On the other hand, a supporting device, a guiding system, is designed to ease the insertion of the sensor into the fuel element and to stabilize its position between the fuel plates. Then, in order to improve the measurement accuracy and in order to increase the amount of information recorded during the measurements, a new device having two focused transducers will be designed and studied. This step requires the development of complex models to understand the wave propagation in non-plane structures. Furthermore, experiments will be performed into highly radioactive conditions in order to improve the knowledge on the sensor behavior under high radiations.

In future works, the ultrasonic device will also make possible the measurement of irradiated fuel elements parameters of crucial importance. The first of them will be the aluminum oxide layer growth on all the fuel plates. This layer has a tremendous impact on the thermal-hydraulic margins. It must thus be characterized with the highest available accuracy. Eventually, the ILL aims also to probe the interface between the cladding and the meat, where fission gas bubbles may grow and lead to pillowing effects for example.

In long-term, the ILL is planning to use the high frequency ultrasonic sensor as a generic demonstrator designed to probe every fuel plate element.
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 2 Figure 2: Schematic overview of the fuel plate production procedureDue to its specific design, the High Flux Reactor is an assembled set of 280 aluminum curved fuel plates. It consists of regularly spaced plates (about 1.8 mm nominal) forming cylindrical tube (figures 3 & 4). These spaces allow a stream flow of water that serves as coolant and also as moderator to nuclear reaction.
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 2 Figure 2: Ultrasonic emission characteristics
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 54 Figure 5: Schematic representation of the Multiple Ultrasonic Reflection in the interface delay line/ water Time (s)

  The behavior of the transducers, which are multilayered systems, has been simulated from the given transducer design. The main purposes of computer simulations are:Deeper insight into the wave propagation in the designed piezoelectric transducers,  Identification of the ultrasonic wave time of flight by different methods,  Optimization of transducer design without time-consuming experiments,  Evaluation of new materials in device design.
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 6 Figure 6: The modeled multilayer structure.

  in the appendix 1. Application of the boundary condition at z =0 equates the velocities and stresses in layer n with those in layer n-1 at the interface. By repeating the same process for each n-1 layers between layers n+1 and 1, the global transfer matrix [C] of the structure can be obtained from the product of all elementary transfer matrices [Ci] of each layer:
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 7 Figure 7: An ultrasound pulse: (a) the temporal signal; (b) the spectrum pulse.
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 8 Figure 8: Simulation of the temporal signal
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 9 Figure 9: The transducer simulation shows two series of echoes: (a) reflection of the signals within the multilayer structure of the transducer; (b) the receipt of the dual series after propagation in the water channel and reflection on the fuel plate; TOF is the time elapsed between the two series of echoes.
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 16 Figure 16: Acoustic microscopy image of the interface support -piezoelectric element
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 21 Figure 21: block diagram of the distance measurement system
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 22 Figure 22: The first series of echoes. The time interval between echoes is related to the delay line thickness.

Figure 23 :

 23 Figure 23: First series of echoes. Dash line (blue) corresponds to the simulated signal. Continuous line (red) corresponds to the experimental signal
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 24 Figure 24: The second series of echoes. The time interval between echoes is related to the delay line thickness.
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 25 Figure 25: Second series of echoes. Dash line (blue) corresponds to the simulated signal. Continuous line (red) corresponds to the experimental signal.
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 26 Figure 26: Envelope of an ultrasonic echo and TOF measurement by thresholding and curve fitting [32].
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 27 Figure 27: The experimental cross-correlation pulse. The TOF is estimated when the correlation result reaches its maximum.
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 1 Figure 1: Frequency spectrum of the ultrasonic sensor immerged in water at temperatures ranging from 10 °C to 40 °C. The green curve corresponds to the frequency spectrum at 10 °C and the red one represents the spectrum frequency at 40C°.
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 2 Figure 2: The experimental set-up for temperature measurement.
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 3 Figure 3: Transducer 1 frequency variation according to the temperature. Blue squares correspond to the simulated values and red points to the experimental values.
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 4 Figure 4: Transducer 2 frequency variation according to the temperature. Red squares correspond to the simulated values and blue points to the experimental values.
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 5 Figure 5: Quartz reflectors with different thicknesses.
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 7 Figure 7: ultrasonic velocity in water as a function of the temperature. Theoretical values are marked with black line.

Figure 11 :
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Figure 9 :

 9 Figure 9: The second series of echoes with inclination of 5°.ons in the delay line, (b) and (c) are, reciprocally, the first and second reflections in the facing plate.
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 119 Figure 11: The first transducer frequency variation-values correspond to averages of 100 measured frequencies.
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 10 Figure 10: Transducer 2 frequency in the water pool of the reactor.
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 12 Figure 12: The second transducer frequency variation-values correspond to averages of 100 measured frequencies.
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 13 Figure 13: Transducers temperature measurement -the red line corresponds to the first transducer resonance frequency and the blue line to the second transducer resonance frequencyvalues correspond to averages of 100 acquisitions.
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 16 Figure 16: The first transducer temperature measurement -the red line corresponds to the water temperature measured by the first transducer and the blue line to the water temperature measured the second transducervalues correspond to averages of 100 acquisitions.
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 19 Figure 19: Internal coil [4].
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 25 Figure 25: The designed guiding system.
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 26 Figure 26: Silica glass of the transducers with and without the lens Moreover, future developments of the ultrasonic device are envisaged, like getting qualitative information about thermal conductivity or setting-up of a gamma sensor.
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Table 1 : The coefficients of the fifth-order polynomial used to calculate

 1 

	4

v(m/s) in water according to the temperature

[10]

.

Table 2 : Errors sources and theirs influences on distance measurements.

 2 

Montés à l'une des extrémités de la lame, les éléments de transductions possèdent chacun la même structure multicouche composée essentiellement d'une pastille en matériau piézoélectrique sur laquelle est placée une électrode en aluminium. Sur l'autre surface de la pastille une couche conductrice en or est déposée. L'intégralité de ce système est ensuite collée sur une ligne à retard en silice.
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Conclusion & Prospects

Communications

The ultrasonic velocity and distance were kept constants.

 Error due to tanks' tolerance:

The ultrasonic velocity measurement errors can also be related to tanks' tolerance of about 10μm. These two sources of errors (tank's tolerance error and ToF error) may cause a maximum error of the ultrasonic velocity measurement of 0.65% in the temperature range [10°C; 40°C°]. Errors related to the ultrasonic wave time of flight estimation and the ultrasonic velocity measurements lead to an error in distance measurement of 0.74% (which corresponds to d= 13.5 µm for d=1.8 mm).

 Error related to the thermostatic bath:

The thermostatic bath performs typical heating and cooling tasks with a stability of ±0.02°C which induces an ultrasonic velocity uncertainty of ±0.05 m/s and thus an uncertainty on distance measurement of ±0.12 µm. Moreover, due to the thermostatic bath pump, vibrations of the tanks and movement in the water can be induced. That can affect the ultrasonic signals used for the speed of sound calculus. To eliminate this effect, speed of sound measurements can be performed with the thermostatic bath off. Indeed, due to the thermostatic bath inertia, temperature does not change as the shutdown time is short.

 Error related to the non-parallelism of the ultrasonic device to the tank walls:

The measurement error can also occur when transducers are not perfectly parallel to the tank walls. To quantify the influence of this non-parallelism on the ultrasonic signal, a simulation based on the transfer matrix method is developed to understand wave propagation in non-plane structures. When transducers are perfectly parallel to the plates, the receipt signal is maximal, i.e. multiple reflections on the plates can be acquired (see Figure 10). By increasing the inclination, the echoes reflected on the plates arrive with a delay and low amplitude (see Figure 9). Therefore, this causes inter-plate distance measurement errors (see Figure 11). The coefficients 𝑎 𝑖𝑗 (𝑛) of equation ( 11) can be expressed in terms of the following parameters:

Summary

The quantity 𝜌 𝑛 is the density of the material of the layer n,  is the signal frequency, and  is the component of the wave vector, such as: 𝜎 = 𝑘 1 𝑠𝑖𝑛𝜃 1 = 𝑘 2 𝑠𝑖𝑛𝜃 2 = ⋯ = 𝑘 𝑛+1 𝑠𝑖𝑛𝜃 𝑛+1 where 𝜃 𝑖 are the incidence angles. The quantities k and K are given by: 𝐾 𝑛 = 𝜔 𝑏 𝑛 ⁄ and 𝑘 𝑛 = 𝜔 𝑐 𝑛 ⁄ where 𝑏 𝑛 is the complex (to include attenuation) transverse velocity and 𝑐 𝑛 is the complex longitudinal velocity. The quantities 𝛼 𝑛 and 𝛽 𝑛 are given by: αn

Therefore, the coefficients 𝑎 𝑖𝑗 (𝑛) for visco-elastic layer n are be expressed as follow:

Appendix 2: Acquisition software

The acquisition software operates as follows way: This configuration adjusts the sample rate. The latter is the frequency at which digitized samples are stored specified in samples per second. This step allows sampling the signal with a sampling frequency significantly high to achieve higher-resolution A/D conversion.

There are several source of trigger (internal, external, software...). Each source of triggering uses a different configuration trigger function (edge, hysteresis, window…).

126

The signal acquisition program is divided into two parts: The control software of the temperature acquisition is shown below: