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Status of the DIAMINO experiment irradiated in the OSIRIS reactor

Future GENIV sodium-cooled fast reactor (SFR) may include Americium (Am) recycling in the radial fertile blankets positioned in the outer core regions. An issue related to this option is the lack of knowledge related to the behavior under irradiation of the Am-bearing blanket (AmBB). The MARIOS and DIAMINO separate-effect experiments were irradiated in the HFR and the OSIRIS Material Test Reactors (MTRs) in order to precisely investigate the gaseous release and swelling of Am-bearing UO 2-x fuels as a function of temperature, fuel microstructure and gas production rate. These experiments are currently under Post-Irradiation Examinations. This paper addresses the status of the DIAMINO irradiation experiment. The irradiation timehistory is provided as well as the temperature under irradiation as determined from the thermomechanical simulations of the DIAMINO experiment using the LICOS fuel performance code. First results of the on-going post-irradiation examinations are also presented.

I. INTRODUCTION

The sodium-cooled fast reactor (SFR) is one of the options currently being investigated as a future Generation IV reactor. This concept may include americium recycling in the radial blankets positioned in the outer core regions. Heterogeneous recycling on a UO 2 matrix has the advantage of providing flexible breeding gains, Am burning and making blanket reprocessing possible in a standard UPuO 2-x fuel flux, while limiting the proliferation risk of the blankets. The behaviour under irradiation of such blankets containing a significant quantity of Americium in a solid solution mixed with uranium oxide must nevertheless be studied and characterized in greater detail. Indeed, a large quantity of helium will be produced under irradiation, mainly resulting from the transmutation chain of 241 Am. The impact of this helium on gas release and blanket swelling must be quantified in order to improve the design of the americium-bearing blanket (AmBB) assemblies, especially considering the low irradiation temperatures that are expected in the blanket region.

In this framework, the MARIOS and DIAMINO separateeffect irradiations were implemented in the HFR and the OSIRIS material test reactor (MTRs) respectively. The aim of these experiments is to study gaseous release and swelling in Am-bearing UO 2 fuels as a function of the temperature, fuel microstructure and gas production rates. The considered temperature range corresponds to that expected for AmBB in an SFR, i.e. about 500 to 1500°C. Two microstructures are being investigated: a standard dense one and an optimized one with a significant fraction of open porosity (with the purpose of improving helium release and then limiting gaseous swelling).

First, a brief description of the DIAMINO irradiation is provided, in terms of objectives and design. Some information related to the MARIOS experiment is also given. The DIAMINO irradiation-time history is then summarized. The temperature under irradiation of AmBB samples is presented as determined from the thermomechanical simulations of the DIAMINO experiment using the LICOS fuel performance code. Lastly the first results of non-destructive post-irradiation examinations performed on DIAMINO small pins are provided in this paper.

II. OBJECTIVE AND DESIGN OF DIAMINO EXPERIMENT

The purpose of the DIAMINO and MARIOS separateeffect irradiations is to study gaseous release and swelling of (Am,U)O 2-x fuels at several temperatures, for two types of microstructure: a standard one and a second one with a high level of interconnected porosity to favor helium releases and thus to limit swelling [START_REF] Bejaoui | Americium-Bearing Blanket Separate-effect Experiments: MARIOS and DIAMINO Irradiations[END_REF] . In order to cover the whole range of temperatures under irradiation and to retrieve enough irradiated samples to perform a comprehensive and detailed PIE program, two irradiation experiments were planned. The first irradiation experiment (MARIOS) was performed in the High Flux Reactor (HFR) in Petten, during 304 EFPD, from March 2011 till May 2012, within the framework of the FAIRFUELS European project [START_REF] Hania | MARIOS: Irradiation of UO 2 containing 15% Americium at well-defined temperature[END_REF][START_REF] Hania | Preliminary Results of the MARIOS Experiment on Minor Actinide Bearing Blanket Concept[END_REF] . Regarding PIE, non destructive examinations were performed at the HFR and destructive ones are underway at the LECA hotlab facility at CEA Cadarache, within the PELGRIMM European project [START_REF] Delage | Investigation of pelletized and sphere-packed oxide fuels for Minor Actinide transmutation in Sodium Fast Reactors, within the FP-7 European project PELGRIMM0[END_REF] . This experiment investigates temperatures ranging between 1000 and 1200°C. The second experiment (DIAMINO) was irradiated in the OSIRIS reactor (CEA Saclay research center) from February 2014 till December 2015 [START_REF] Bendotti | Design and first operation of the DIAMINO (U 241 AmO 2 ) experiment in OSIRIS MTR for Am-recycling program[END_REF] . It focused on 600 and 800°C irradiation temperatures and addresses the two types of AmBB microstructures (standard dense and optimized with a significant amount of interconnected porosity). Moreover, as the transmutation rate is accelerated in MTRs (compared with SFRs), two helium production rates are being investigated in the frame of DIAMINO irradiation, in order to check the expected envelope effect of transmutation acceleration on Ambearing blanket swelling. The MARIOS and DIAMINO experiment grid is summarized in Table 1.

Fig. 1 shows the innovative design of DIAMINO experiment pins. Small AmBB discs (4.5 mm diameter and 1.5 mm height) are set within TZM trays (molybdenum alloy with more than 99% of Mo). The purpose of Mo is to produce heat by gamma heating and to favour the axial removal of heat from the AmBB sample so as to limit thermal gradients within it. Radial and axial gas gaps are arranged around the sample so the AmBB can swell freely. A small ZrYO 2 disc is added below the AmBB sample in order to balance the thermal resistance of the upper gas gap and thus to maintain good homogeneity and symmetry of temperatures within the AmBB samples during irradiation. In addition, a tungsten foil is inserted between the AmBB and the ZrYO 2 discs to prevent the occurrence of any chemical reaction between the two materials during irradiation. The same type of design was implemented in the framework of MARIOS irradiation experiment.

Each small pin contains six AmBB discs within their TZM trays. A small pin is fabricated for each experimental configuration (corresponding to 1 temperature x 1 microstructure x 1 helium production rate). Finally, four and six small pins were irradiated as part of the MARIOS and DIAMINO experiments, respectively (see Table 1).

The six DIAMINO pins are set within a Sample Holder (SH). The two pins at 600°C and 15% of Am are located in the lower area of the SH. Above these pins, there are successively an insulating spacer equipped with fluence detectors, the two pins at 800°C and 15% of Am and then, the two pins at 800°C and 7.5% of Am in the upper part of the SH (see Fig. 2). This whole assembly is about 50 cm high. The pins are numbered from 1 to 6 from the bottom to the top of the loading. The total height of the SH (also ensuring radiological protection and carrying electrical and gas connexions) is about 465 cm. As illustrated in Fig. 2, the SH is made of a first half-shell containing all the components to be irradiated (small pins, spacers, etc.). Another half-shell is set to cover the four small pins situated at the bottom and that were initially supposed be extracted next to the first 200 EFPD (see section III). Finally, a third half-shell covers the two small pins at 800°C and 7.5% of Am. Thermocouples are inserted in various places within the SH to control and help regulating temperatures. In addition, two thermocouples are added to the upper TZM tray of small pin n°6 via one-end closed Inconel 600 tubes. This makes it possible to obtain temperature measurements very close to the upper AmBB samples during the irradiation. The SH together with the small pins are introduced into a typical OSIRIS irradiation device called the PHAETON furnace. This furnace includes six independent furnaces axially distributed along the device. It also includes various internal gas gaps, some of them having adjustable compositions. These thermal regulation means are useful to maintain the various small pins at the required temperatures, considering the significant power increase in the AmBB discs during irradiation due to transmutation phenomena.

III. DIAMINO IRRADIATION TIME-HISTORY

After 200 EFPD, the four pins with 15% of Am (irradiated at 600 and 800°C) were planned to be extracted from the SH. The SH, equipped with the two remaining pins with 7.5 % of Am, at 800°C, was then planned to be irradiated again for more than 100 additional EFPD. Samples with 7.5 of Am should thus have been irradiated for about 1.5 the duration related to those with 15% Am.

The associated helium production would have been in the same range as the one related to DIAMINO samples with 15% of Am, making it possible to study the impact of the He production rate on the AmBB sample swelling. However, an incident occurred during the DIAMINO experiment. After 134 EFPD, an incidental entrance of air occurred in the gas circuit of the irradiation device leading to a temperature increase in the system during a few hours. Detection systems operated correctly and the experiment was stopped. No pin failure occurred. Depending on the pins, the temperature increases in the AmBB discs during the incident were evaluated as ranging between 110 and 360°C. Pin cladding temperatures also increased during the incident and significant cladding thermal creep was induced. Consequently, only pin n°2, for which thermal creep remained acceptable, could be re-irradiated after the incident, till 241 EFPD.

During the first 134 EFPD irradiation step (between February 2014 and January 2015), depending on their axial position in the device, the AmBB discs were submitted to fast and thermal neutron fluence in the range ≈1-3e 20 and ≈0.5-1.1e 21 n/cm², respectively. Pin 2 was re-irradiated between May and November 2015 reaching at least 241 EFPD irradiation. Depending on the discs of pin n°2, the total fast and thermal neutron fluence eventually ranged between 3.4-4.2e 20 and 1.1-1.3e 21 n/cm², respectively.

Fig. 3. Average He production per DIAMINO pin as a function of irradiation time

The He productions averaged over the 6 AmBB discs of the various pins are presented in Fig. 3. Depending on the pins, the He productions ranged between 1.7 and 6.7 mg/cm 3 of initial fresh fuel, at the end of the irradiation. Detailed information about the neutron calculation methods can be found elsewhere [START_REF] Colombier | Neutronics and photonics calculations in support to the design of the DIAMINO irradiation device in the OSIRIS reactor[END_REF] . The instantaneous He increases that can be seen on Fig. 3 correspond to the He produced during the planned shutdown periods of OSIRIS reactor. Indeed, He is mainly produced through the 242 Cm α-decay that has a radioactive period of 163 days. Thus, the Proceedings of GLOBAL 2017 September 24-29, 2017 -Seoul (Korea)

Paper A-034 amount of He produced during shutdowns depends in particular on their lengths. The He production in the various DIAMINO pins is to be compared with the one expected in SFR which would reach an average content of around 3.0 mg/cm 3 of fresh blanket fuel in AmBB subassemblies after 2000 EFPD [START_REF] Valentin | Heterogeneous Minor Actinide Transmutation on a UO2 blanket and on (U,Pu)O 2 fuel in a SFR -Preliminary design of pin and assembly[END_REF] . Comparing these values, DIAMINO He productions are situated in the range of interest regarding the Am transmutation issue in SFR. A drawback of this separate-effect experiment remains that the He production rate is significantly accelerated compared to the SFR case. The configurations with a lower Am concentration and thus a reduced He production rate, that were supposed to be irradiated a longer time to assess the effect of He production rate, could not be completed because of the air inlet incident that prevented a longer irradiation of pins n°5 and 6, as planned initially. Study of this effect should thus be the purpose of further experiments.

IV. IRRADIATION TEMPERATURE OF AMBB SAMPLES

Thermomechanical simulations of the DIAMINO experiment using the LICOS fuel performance code from the PLEIADES platform were described elsewhere [START_REF] Helfer | LICOS, a fuel performance code for innovative fuel elementsor experimental devices design[END_REF][START_REF] Bejaoui | thermomechanical simulation of the DIAMINO irradiation experiment using the LICOS fuel design code[END_REF] . From these simulations, it was possible to calculate the temperature difference between the AmBB samples and the SH. The AmBB sample temperature under irradiation was then assessed by adding the SH temperature at the level of the considered AmBB sample (measured thanks to the thermocouples inserted in various places of the SH) and the temperature difference between the AmBB sample and the SH as calculated from the LICOS simulations. More detailed information about the determination and the monitoring of AmBB samples under irradiation will be published elsewhere [START_REF] Bejaoui | Thermomechanical simulation of the DIAMINO irradiation experiment using the LICOS fuel performance code[END_REF] . The evolution of AmBB sample temperature as a function of irradiation time is presented in Figure 4. It can be seen that average levels of irradiation temperature were eventually a bit higher than 600 and 800°C. This is due to a gamma heating level a bit higher than expected in the considered irradiation position. In addition, it can be seen on Figure 4 the thermal impact of the incidental entrance of air in the gas circuit of the irradiation device. Air being more insulating than He, a temperature increase is observed. From the analysis related to the incident, it was possible to assess that the air concentration around the SH during the incident reached a maximum value ranging between 55% (realistic scenario) and 100% (envelop scenario). The dashed lines in Figure 4 indicate the range of temperatures that could have been reached during the transient incident depending on the air concentration in the circuit (between 55 and 100%). Depending on the pins, the temperature increases in the AmBB discs during the incident were evaluated as ranging between 110 and 360°C. Of course, the interpretation of the post-irradiation examinations of DIAMINO experiment will have to take into account the thermal transient associated to the air entrance incident.

V. FIRST RESULTS OF NON-DESTRUCTIVE EXAMINATIONS OF DIAMINO SMALL PINS

Neutron radiographies of the six pins were performed before and after the irradiation in the OSIRIS reactor. An illustration of the results is given in Fig. 5. Neutron examinations revealed an unexpected and potentially promising result on this new type of fuel. Independently of the content in Am and the irradiation temperatures of AmBB discs, all the samples having a dense microstructure seem to be under a more or less pulverulent shape after the irradiation. On the contrary, the discs with an optimised porous microstructure seem to have kept their original shape and geometry. These porous AmBB samples were fabricated thanks to the UMACS process developed by CEA at the ATALANTE facility 11 . Opened porosity amounted to 10.9 and 13% for 7.5 and 15% Am samples respectively (while these values were equals to 0.2 and 1.6% for dense AmBB samples). The better behaviour under irradiation of the discs with a porous microstructure will have to be confirmed in the frame of the destructive post-irradiation examination program planned at the LECA/STAR and ATALANTE facilities (at CEA Cadarache and Marcoule research centers). If confirmed, the better behaviour under irradiation of porous discs will have to be explained considering, in particular, the high He production of AmBB related to Am the transmutation, as well as the irradiation time-history including a thermal transient generated by the incidental air inlet.

VI. CONCLUSION

MARIOS & DIAMINO experiments aim at investigating gaseous release and swelling of (U,Am)O 2-x fuels as a function of temperature, microstructure and helium production rate. This paper has recalled some information about the objective of these experiments and the design of the DIAMINO experiment. DIAMINO experiment was irradiated in the OSIRIS reactor between February 2014 and November 2015. An incidental entrance of air in the gas circuit of the irradiation device obliged to shorten the irradiation and will make it impossible to retrieve information about the impact of helium production rate on the AmBB behavior under irradiation. However, 5 pins could be irradiated till 134 EFDP, and one pin till 241 EFDP. During these periods, significant helium productions occurred in the pins. So, it will be still possible to study the impact of both helium production and fuel microstructure on the DIAMINO AmBB fuel behaviour through the analysis of the post-irradiation examinations.

As presented in the paper, temperature of the AmBB samples could be assessed as a function of the irradiation time thanks to simulations performed with the LICOS fuel performance code. Before the incident, the average levels of irradiation temperature were a bit higher than 600 and 800°C. Depending on the pins, the temperature increases in the AmBB discs during the incident were evaluated as ranging between 110 and 360°C. Furthermore, neutron examinations of irradiated pins revealed an unexpected and potentially promising result on this new type of fuel: the discs with an optimised porous microstructure seem to have kept their original shape and geometry after the irradiation, contrary to the samples having a dense microstructure that seem to be under a more or less pulverulent shape. The better behavior under irradiation of the discs with a porous microstructure will have to be confirmed in the frame of the destructive postirradiation examination program.
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 1 Fig. 1. Sketch of DIAMINO small pins (instrumented/uninstrumented on the left/right)
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 2 Fig. 2. Schematic view of the DIAMINO sample holder equipped with six small pins
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 4 Fig. 4. Evolution of AmBB disc temperature (average per pin) as a function of irradiation time
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 5 Fig. 5. DIAMINO pin neutron radiographies

TABLE I

 I Experiment grid for MARIOS and DIAMINO separate-effect irradiations
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		Composition		Targeted temperature (°C)	
			600	800	1000	1200
	AmBB	Standard microstructure	DIAMINO	DIAMINO	MARIOS	MARIOS
	(15% Am)	Optimised microstructure	DIAMINO	DIAMINO	MARIOS	MARIOS
	AmBB	Standard microstructure		DIAMINO	Low He	
	(7.5% Am)	Optimised microstructure		DIAMINO	production rate