Journal of Radioanalytical and Nuclear Chemistry

Title
Names of the authors: Alexandre Quemet1, Emilie Buravand1, Brigitte Catanese1, Patrick Huot1, Vincent Dalier1 and Alexandre Ruas2
Title: Monitoring the plutonium depletion in dissolution residues of a spent fuel solution using a surrogate and plutonium isotope ratio measurements

Affiliation(s) and address(es) of the author(s): 
· 1 CEA, DES, DMRC, Univ Montpellier, Marcoule, France
· 2 Onsite Laboratory Team, Nuclear Material Laboratory, Office of Safeguards Analytical Services, Department of Safeguards, International Atomic Energy Agency, Tokyo Regional Office, Seibunkan Bldg, 9F, 1-5-9 Iidabashi, Chiyoda-ku, Tokyo 102-0072, Japan
E-mail address of the corresponding author: alexandre.quemet@cea.fr
[bookmark: _GoBack]
Monitoring the plutonium depletion in dissolution residues of a spent fuel solution using a surrogate and plutonium isotope ratio measurements
Alexandre Quemet1, Emilie Buravand1, Brigitte Catanese1, Patrick Huot1, Vincent Dalier1 and Alexandre Ruas2
1 CEA, DES, DMRC, Univ Montpellier, Marcoule, France
2Onsite Laboratory Team, Nuclear Material Laboratory, Office of Safeguards Analytical Services, Department of Safeguards, International Atomic Energy Agency, Tokyo Regional Office, Seibunkan Bldg, 9F, 1-5-9 Iidabashi, Chiyoda-ku, Tokyo 102-0072, Japan
Abstract
This study presents the development of an innovative experiment using a surrogate, for monitoring the depletion kinetics of plutonium dissolution residues in an irradiated fuel dissolution solution containing a high plutonium concentration. The surrogate, a (U,Pu)O2 compound, was synthesized from a plutonium having an isotopic composition different from the dissolution solution. This helps monitoring the plutonium residue depletion by TIMS measurements of the 240Pu/239Pu isotope ratio. Repeatability better than 83 ppm was achieved for the 240Pu/239Pu ratios in each aliquot of the dissolution profiles allowing qualitative and quantitative interpretation of the kinetic evolution that could not be reached by a conventional direct concentration determination. 
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Introduction
Along with Uranium, Plutonium is an essential element in the nuclear fuel cycle [1–4]. Plutonium is present in the reprocessed fuel, the Mixed OXide fuel (MOX) at 5-10 % in weight for use in pressurized water reactor and at 20-30 % in weight for use in fast-neutron reactor [5, 6]. MOX plutonium amount determination is important to verify the fuel pellet conformity, for nuclear accountancy, for waste management and to manage criticality issues.
During the dissolution step of the reprocessing, part of the fuel is not dissolved. The remaining solid particles, called dissolution fines or dissolution residues, include refractory metallic inclusions (mainly composed of platinum group metals), structural component fragments, newly formed phases as zirconium-molybdenum precipitate or insoluble mixed oxide, mainly when MOX fuel are reprocessed [5]. The plutonium contained in the residue represents about 0.1 % of plutonium initially contained in the MOX fuel but with the Pu-enriched MOX fuels, this value can be higher [5]. The Pu-enriched residue accumulation in dissolvers can be problematic for criticality issues. 
The ATALANTE facility of the French Alternative Energies and Atomic Energy Commission is dedicated to research on spent nuclear fuel reprocessing. Many studies were performed to better understand MOX fuels: manufacturing, dissolution, recycling,… Among the different MOX fuel R&D topics, one is dedicated to study the Pu residue depletion for criticality issues. An experiment was set up in hot-cell to study the Pu residue depletion behavior in a nuclear fuel dissolution solution to obtain fundamental data. This experiment simulated the end of nuclear dissolution step in dissolvers where small quantity of residues (e.g. insoluble (U,Pu)O2 phases) remain during the spent fuel dissolution. In this experiment, the maximum Pu concentration variation in the solution is 2 % corresponding to the full dissolution of the residue. Low enough uncertainties (below 0.5 %) would be necessary for such studies to detect the plutonium that is being dissolved (i.e. from the residues) in addition to the plutonium that is already initially in solution.
Among the analytical methods available in ATALANTE, only the isotope dilution combined with a measurement using a Thermal Ionization Mass Spectrometer (ID-TIMS) can achieve these uncertainties [3]. However, low uncertainty on concentrations is difficult to achieve when the experiment is performed in hot-cells [7]. Dilutions in hot-cells are required to obtain a radiation level of the solution compatible with glove box environment (where the TIMS are located). However, they increase the concentration uncertainty to about 1 % [7]. The Pu residue depletion monitoring is therefore not possible using ID‑TIMS.
To circumvent this issue, the residues were simulated using a synthesized (U,Pu)O2 oxide with a Pu isotope composition different from the Pu present in the reprocessed fuel dissolution solution. Therefore, the 240Pu/239Pu isotope ratio in solution would change with the Pu residue depletion. Thus, monitoring of the 240Pu/239Pu isotope ratio variation would reflect the Pu quantity dissolved from the residue. In the present study, considering the different Pu masses involved in the experiment, the 240Pu/239Pu isotope ratio variation would be about 1.4 % when all the Pu in the residues is dissolved requiring an accurate isotope ratio measurement. The TIMS is one of the reference technique for the Pu isotope ratios measurement [3, 8, 9]. Uncertainty below 0.1 % can be obtained for major Pu isotope ratio, which seems compatible for the Pu residue depletion interpretation [8].
This paper proposes a method based on Pu isotope ratio determinations by TIMS to monitor the Pu depletion kinetics from dissolution residues and calculate the dissolution yield. A theoretical comparison with a more conventional method using ID-TIMS for kinetics and yield determination was performed.
Experimental
Materials and reagents
1 mol L-1 and 6 mol L‑1 nitric acid solutions were prepared by diluting high purity concentrated nitric acid (Merck, Suprapur) with deionized water (resistivity: 18.2 MΩ cm). 6 mol L‑1/0.1 mol L‑1 HNO3/H2O2 mixture was freshly prepared just before use by diluting nitric acid and 30 % H2O2 (Sigma Aldrich, Ultra trace analysis basis). A 8 mol L‑1/0.05 mol L‑1 HNO3/HF mixture was prepared by diluting high purity nitric acid and hydrofluoric acid (Merck, Suprapur) with deionized water.
For the separation protocol a UTEVA resin (Triskem, 100–150 µm particle size in 2 mL prepackaged columns) was used to obtain a pure plutonium fraction. A 2 mol L‑1 HNO3 solution containing 2×10−3 mol L‑1 ascorbic acid and 2×10−3 mol L‑1 hydroxylammonium nitrate (hereafter this solution is referred to as Pu elution solution) was prepared just before use by diluting high purity nitric acid with deionized water and by weighing ascorbic acid (Sigma Aldrich, pharmaceutical secondary standard) and hydroxylammonium hydrochloride, (Sigma Aldrich, purity > 99.999 % for trace metal analysis).
For the solution filtration, Millipore filter with 0.3 µm pore diameter was used.
Pu residue depletion experiment
Approximately 500 mg of residue corresponding to approximately 200 mg of Pu were introduced in a dissolution solution from fast-neutron reactor irradiated MOX fuel (about 200 mL of solution with [Pu] ≈ 50 g.L‑1). 4 Aliquots (at t0, t1, t2 and t3) were sampled during the Pu residue depletion experiment. Time has been randomized for confidentiality purposes. The solution homogeneity was insured by a magnetic stirring bars. All these experiments were performed in a hot-cell.
The dissolution solution of fast-neutron reactor MOX fuel after irradiation was obtained after heating for 6 h in a HNO3 solution a portion of the MOX fuel rod and filtration by suction to isolate potential solid particles. Hereafter this filtered dissolution solution is referred as the t0 dissolution solution. The U+Pu concentration, estimated with a K-edge densitometer available in a hot-cell [10, 11], was approximately 180 g L‑1. The simulated (U,Pu)O2 residue was synthesized by sol–gel process and calcined at 1500 °C. The Pu amount in this simulated (U,Pu)O2 compound was determined by ID‑TIMS. The Pu isotopic abundance used in the residue manufacturing was chosen to be different enough to the Pu isotopic abundance of the t0 dissolution solution. As the 240Pu/239Pu isotope ratio variation helps monitoring the Pu depletion kinetics of the (U,Pu)O2 residue, the ratio in the t0 dissolution solution and in the (U,Pu)O2 residue are shown in Table 1. The 240Pu/239Pu isotope ratio of the dissolution solution changes with the (U,Pu)O2 residue depletion. A schematic representation of the isotope ratio variation in the dissolution solution according to the plutonium residue depletion is presented in Fig. 1. The isotope exchange between the dissolution solution and the residue was considered negligible as the kinetic dissolution is fast and there is no stationary state. A plutonium reprecipitation is also not possible in this dissolution condition ([HNO3] > 3 moL L‑1). In this experiment, the 240Pu/239Pu isotope ratio of the t0 dissolution solution and the (U,Pu)O2 residue were about 0.518 and 0.273, respectively (Table 1). Taking into account the Pu amount involved in the t0 dissolution solution (about 10 g) and in the (U,Pu)O2 residue (about 200 mg), the 240Pu/239Pu isotope ratio changes from 0.518 (t0) to 0.511 (when the dissolution is complete). Then, the maximum variation of the 240Pu/239Pu isotope ratio during the dissolution step is about 1.4 %.
Samples preparation
Plutonium isotopic analysis of the (U,Pu)O2 residue was performed in a separate experiment after the dissolution of approximately 20 mg of the residue in 8 mol L‑1/0.05 mol L‑1 HNO3/HF mixture at 135°C in a PFA vial. 1 mL of a solution with approximately [Pu] ≈ 10 mg L‑1 in 6 mol L‑1 HNO3 was prepared by dilution (hereafter this solution is referred to as (U,Pu)O2 residue isotopic analysis solution).
5000-fold dilution of the t0, t1, t2 and t3 aliquots were performed in a hot-cell to reduce the radiation level and be suitable for working in a glove box. About 1 mL of the solution (hereafter this diluted solution is referred to as diluted aliquot) containing about 10 µg of Pu was transferred to the isotopic analysis laboratory. The Pu concentration was about 10 mg L‑1.
The diluted aliquots and the (U,Pu)O2 residue isotopic analysis solution had a high uranium concentration. In addition, the diluted aliquots contained many other elements usually found in spent fuel (minor actinides, fission products…). Hence, separations to purify the plutonium were needed.
The separation was performed on a UTEVA column using the protocol described in [12]. HNO3 was added to reach a concentration of 6 mol L‑1 in the solution (this step was skipped for the residue isotopic analysis solution). Then, H2O2 was added to achieve a concentration of 0.1 mol L‑1 in the solution. The solutions were kept overnight to ensure that the Pu(+IV) valency adjustment was completed. The UTEVA column was conditioned with 10 mL of a 6 mol L‑1/0.1 mol L‑1 HNO3/H2O2 mixture. Next, the samples were added to the column. The column was then washed with 10 mL of 6 mol L‑1/0.1 mol L‑1 HNO3/H2O2 mixture to eliminate all trivalent interfering elements. The Pu and the U were fixed on the column. Plutonium was eluted with 5 mL of the Pu elution solution (see materials and reagent section). This Pu elution solution was then evaporated and dissolved again with 10 µL of 1 mol L‑1 HNO3 to obtain a purified Pu concentration containing about 1 µg µL‑1 (hereafter these solutions at 1 µg µL‑1 are referred to as TIMS aliquots). 1 µL of the TIMS aliquot was deposited on the TIMS rhenium filament for the isotopic analysis.
Thermal Ionization Mass Spectrometer
The measurements were performed with the Thermo Scientific Triton TIMS equipped with a glove box. The instrument and the deposit technique were previously described in detail [8]. The measurements were performed using Faraday cups coupled to 1011 Ω amplifiers. The 240Pu/239Pu isotope ratios were measured using the total evaporation method, reference method for major isotope ratio measurement, previously described [13]. The integration time was set at 0.131 s. The plutonium ion beam target intensity was set at 35 V for the sum of all the isotopes. 5 measurements from the same separation were performed for each solution (aliquots and (U,Pu)O2 residue).
Plutonium depletion yield calculation 
Depletion yield calculation using isotope ratio measurements
The 240Pu/239Pu isotope ratio R(t) in the dissolution solution can be computed for each aliquots sample at each time (t) of the dissolution experiment (Eq (1)). 
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Where n is the quantity involved in the experiment (in mol), (239) and (240) are the isotope abundances and  is the plutonium depletion yield of the (U,Pu)O2 residue. t refers to the aliquot at t0, t1, t2 or t3, d refers to the initial dissolution solution and res refers to the (U,Pu)O2 residue. 
Rd and Rres are the 240Pu/239Pu isotope ratios. Switching isotopic abundances according to (240)d = (239)d · Rd and (240)res = (239)res · Rres, leads to Eq. (2).
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By extracting  from Eq. (2), the plutonium depletion yield can be calculated for each aliquot (Eq. (3)).
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Theoretical comparison with a plutonium depletion yield calculation using the amount determination by ID‑TIMS
The results obtained with the proposed method using isotope ratio monitoring was theoretically compared with a more conventional method consisting in amount determination of all the samples (n(t), n(t0) and nres) by ID‑TIMS. This study was conducted theoretically for comparison purposes: no experimental concentration determinations were performed. The yield determination is calculated by Eq. (4).
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’(t) is the plutonium depletion yield of the (U,Pu)O2 residue obtained with an ID-TIMS concentration determination. As no concentration determination was performed, the assumed Pu amount n’(t) is taken from the real experiment (Eq. (5)).
	
	(5)


Uncertainties estimation
240Pu/239Pu isotope ratio uncertainty
The isotope ratio uncertainty, including precision and trueness components of the measurement, was previously described in [8, 14]. The 240Pu/239Pu isotope ratio (R) measurements of all the solutions were performed in repeatability conditions (same measurement procedure, same operator, same measuring system and same environment). The method bias has no impact on the plutonium depletion kinetic profile as the isotope ratios are compared relatively one to another. In the same way, the plutonium depletion yield is not affected by the method trueness because the biases are mathematically compensated. So, the trueness component was not considered here.
The uncertainty (u(R), k = 1) was estimated considering the measurement precision component only, according to Eq. (6).
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Where SD is the standard deviation of the n measurements (here n = 5).
Plutonium depletion yield uncertainty with the proposed method
The plutonium depletion yield uncertainty (u(t), at k = 1), shown on Eq. (7), was estimated by combining the uncertainties from each term of Eq. (3). The terms of Eq. (3) were considered as not correlated.
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Plutonium depletion yield uncertainty with method using concentration determination by ID‑TIMS
The yield uncertainty (u(’(t)), k = 1) with the more conventional method using concentration determination (Eq. (4)) by ID‑TIMS can be estimated by Eq. (8), by combining the uncertainties from each term of Eq. (4).
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Results and discussion 
Kinetic profile
240Pu/239Pu isotope ratios results and associated uncertainties at different steps of the plutonium depletion step are presented in Table 1 and in Fig. 2. The isotope ratio change reflects the kinetics of the plutonium (U,Pu)O2 residue depletion.
The measurement repeatability of the isotope ratios is lower than 90 ppm for each aliquot. Therefore, isotope ratios estimated repeatability uncertainties are low (< 0.01 %), and the performances help getting a good Pu depletion kinetics assessment. The 240Pu/239Pu isotope ratios of the t2 and t3 aliquots are slightly different, which means the plutonium (U,Pu)O2 residue depletion process is not fully finished between these two aliquots.
Plutonium depletion yield
According to Eq. (3), the Pu depletion yield can be calculated for each aliquots (Table 1 and Fig. 2). The Pu depletion yield of the t1, t2 and t3 aliquots are (16.87 ± 0.85) %, (82.9 ± 3.1) % and (85.9 ± 3.2) %, respectively. Uncertainties are expressed at k = 2. The relative uncertainties were 5.0 %, 3.7 % and 3.7 % for the t1, t2 and t3 aliquots, respectively (Table 2). The Pu depletion yield calculation shows that the depletion is not complete.
The uncertainty budget, summarized in Fig. 3, shows the t1 plutonium depletion yield uncertainty is mainly due to the Pu quantity in the t0 dissolution solution (48 % of the total budget) and the 240Pu/239Pu isotope ratio measurement (46 % of the total budget). The uncertainty budget for the t2 and t3 plutonium depletion yield are similar: the Pu quantity in the t0 dissolution solution is the main uncertainty source and contributes to 91 % to the overall uncertainty. At t2 and t3, the isotope ratio measurement component becomes negligible (contribution below 1 % of the total budget).
Comparison with the direct concentration determination by ID‑TIMS (theoretical study)
The Eq. (4) and (8) help to simulate a Pu depletion kinetics experiment with a concentration monitored by ID‑TIMS. The dilution (required to obtain solutions with radiation levels compatible with glove box work), would have been performed gravimetrically in the shielded line. For this theoretical comparison, the Pu concentration uncertainty was fixed at 0.84 % (k = 2) in the Eq. (8), which is the ID‑TIMS uncertainty recommended by the International Target Value (ITV) for measurements in hot-cell conditions for all materials typically encountered in the nuclear fuel cycle [15].
The dissolution results interpretation would be difficult for a concentration uncertainty about 0.84 % (k = 2). Only the global trend of the dissolution variation is possible as the maximal Pu concentration variation is about 2 %. According to Eq. (4) and (8), the t3 final dissolution yield relative uncertainty was estimated at 92 % (Table 2). The result interpretation connected to the Pu residue depletion yield would not have been conclusive. This theoretical study shows the “conventional method”, consisting in concentration measurement to compute the Pu residue depletion yield, was not suitable for this study.
Conclusions
To improve the knowledge of the Pu residue depletion in reprocessed nuclear fuel dissolution step, an experiment was designed in hot-cell using plutonium with a different isotope composition for a residue surrogate and for the nuclear fuel solution. The 240Pu/239Pu isotope ratio measurement helps monitoring qualitatively and quantitatively the Pu residue depletion. Repeatability below 83 ppm for the 240Pu/239Pu isotope ratio was achieved for each aliquot. The Pu residue depletion yield was calculated with an uncertainty low enough to be able to interpreted (< 5 %). Using Pu isotope ratio monitoring instead of concentration monitoring, more classically used, in this study allows a better understanding of the residue behavior.
This used methodology requires different Pu isotope ratios between the residue and the dissolution solution. In the case of residue and nuclear fuel dissolution solution coming from reprocessing facility, the isotope ratio of the residue and the dissolution solution would be identical. In this case, another analytical methods to monitor the residue depletion step would be required. 
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Table
[bookmark: _Ref1562866]Table 1: 240Pu/239Pu isotope ratio, relative standard deviation of the measurements (RSD) and Pu residue depletion yield (%) for the aliquots and the (U,Pu)O2 residue
	Aliquot or sample
	240Pu/239Pu
	RSD
(ppm)
	Pu depletion yield (%)

	t0
	0.5180805(44)
	19
	0

	t1
	0.516833(22)
	82
	16.87(85)

	t2
	0.512067(11)
	48
	82.9(31)

	t3
	0.5118552(85)
	37
	85.9(32)

	(U,Pu)O2 residue
	0.2729267(44)
	36
	-



[bookmark: _Ref5105571]Table 2: Dissolution yield relative uncertainty (k = 2) with a method consisting in concentration measurement (concentration method) and the proposed method based on isotope ratio measurement (isotope ratio method)
	Aliquot
	Concentration method
	Isotope ratio method

	t1
	491 %
	5.0 %

	t2
	95 %
	3.7 %

	t3
	92 %
	3.7 %
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[bookmark: _Ref5019476]Fig. 1: Diagram of the 240Pu and 239Pu ratio evolution in the dissolution solution according to the plutonium residue depletion. The 240Pu and 239Pu isotopes are represented by the full ● and empty ○ forms, respectively
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[bookmark: _Ref512520666][bookmark: _Ref526171488]Fig. 2: 240Pu/239Pu isotope ratio (black “- - -” line) and plutonium residue depletion yield (grey “∙∙∙” line) with time
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[bookmark: _Ref29972821]Fig. 3: Main uncertainty sources and contributions for the t1, t2 and t3 dissolution yield. nd and nres are the quantities involved in the experiment for the initial dissolution solution and the (U,Pu)O2 residue, respectively. R(t) is the 240Pu/239Pu isotope ratio
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