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This paper presented thorium and neptunium quantification of a new synthesized powder, a (Th,Np)O2 mixed oxide. Thorium was quantified by Thermal Ionization Mass Spectrometry using Isotope Dilution (ID-TIMS) which is one of the most accurate methodology to determine actinide mass fraction. The (sample-spike) mixture isotope ratio was measured using the TIMS reference method for major isotope ratio determination, i.e. the total evaporation method. An expanded uncertainty below 1 % was estimated for the Th mass fraction. The study of the uncertainty sources showed that the main one comes from the spike mass fraction uncertainty. As Np quantification with ID-TIMS is difficult due to the lack of commercially-available spike solution, the Np mass fraction was obtained by ICP-MS measurements using a gravimetric standard addition method combined with an analytical internal standard. The developed method used an element initially present in the sample, here Th, as an internal standard for ICP-MS measurements. This helps reducing the number of manipulation as well as cross contamination, which is an important risk when experiments are performed in glove boxes. Also, equations are simplified. An expected uncertainty about 1.8 % was estimated for Np. Finally, the Th-Np mixed oxide was found to have a Th0.4836(50)Np0.5164(50)O2 stoichiometry. This study can be extended to other complicated samples or to the characterization of in-house certified reference material.

Introduction

The material science of uranium-plutonium, uranium-actinides or plutonium-actinides oxides is well known as they were used for decades as nuclear fuels or as transmutation targets [START_REF] Beauvy | Nuclear fuels[END_REF][START_REF] Damien | Fabrication and characterisation of U0.85Am0.15O2-x discs for MARIOS irradiation program[END_REF][START_REF] Pillon | Actinide-Bearing Fuels and Transmutation Targets[END_REF][START_REF] Vauchy | Studying radiotoxic materials by high temperature X-ray diffraction[END_REF]. The study of others actinide mixed oxides is a niche field. A thorium and neptunium mixed oxide ((Th,Np)O2) was synthesized by a powder metallurgy process in ATALANTE facility of the French Alternative Energies and Atomic Energy Commission (CEA) to improve the knowledge of these singular materials [START_REF] Vauchy | Manufacturing and characterization of Th0.5Np0.5O2 thorium neptunium mixed oxide[END_REF]. The microstructure and structure of this mixed oxide were characterized by optical microscopy, Secondary Electron Microscopy, Electron Probe MicroAnalysis, X-Ray powder Diffraction and Raman spectroscopy [START_REF] Vauchy | Manufacturing and characterization of Th0.5Np0.5O2 thorium neptunium mixed oxide[END_REF]. In order to characterize its chemical stoichiometry to the best of our capability, the determination of a low uncertainty elemental composition is mandatory.

The stoichiometry obtained validates the powder metallurgy process, the methodology used for the synthesis and is useful to observe the stoichiometry variation in future study.

The powder purity can also be computed combining the elemental composition and the oxygen/metal ratio measured by X-ray powder diffraction.

Thermal Ionization Mass Spectrometry (TIMS) is one of the reference techniques for the determination of actinides isotopic measurements [START_REF] Aggarwal | Thermal ionisation mass spectrometry (TIMS) in nuclear science and technology -a review[END_REF][START_REF] Aggarwal | A review on the mass spectrometric analysis of thorium[END_REF][START_REF] Carter | Atomic spectrometry update: review of advances in the analysis of metals, chemicals and materials[END_REF][START_REF] Boulyga | Mass spectrometric analysis for nuclear safeguards[END_REF]. TIMS measurements coupled to Isotope Dilution (ID-TIMS) is a powerful methodology for a highly accurate determination of actinides mass fraction (i.e. measurement trueness and precision) [START_REF] Aggarwal | Thermal ionisation mass spectrometry (TIMS) in nuclear science and technology -a review[END_REF][START_REF] Quemet | Development and comparison of two high accuracy methods for uranium concentration in nuclear fuel: ID-TIMS and K-edge densitometry[END_REF][START_REF] Vogl | Characterisation of reference materials by isotope dilution mass spectrometry[END_REF]. The principle of ID is adding to the sample a known amount of spike with a known mass fraction and a known isotopic composition (that must be different than that of the sample analyzed) [START_REF] Irrgeher | Chapter 8 Measurement Strategies[END_REF][START_REF] Fassett | Isotope Dilution Mass Spectrometry for Accurate Elemental Analysis[END_REF]. The sample -spike mixture isotope ratio reflects the sample analyte mass fraction. This methodology was successfully used for the determination of thorium mass fraction with high accuracy [START_REF] Aggarwal | A review on the mass spectrometric analysis of thorium[END_REF][START_REF] Essex | A new thorium-229 reference material[END_REF].

Quantifying neptunium containing a single isotope ( 237 Np) using ID-TIMS requires a neptunium spike enriched other than 237 Np isotope. ID-TIMS is not a suitable technique as spike solution enriched in another isotope is not commercially available [START_REF] Aggarwal | Thermal ionisation mass spectrometry (TIMS) in nuclear science and technology -a review[END_REF][START_REF] Jerome | Reference materials for neptunium determination[END_REF]. The full elemental characterization of the (Th,Np)O2 powder needs to be done by combining ID-TIMS to measure Th and another technique to quantify Np. Many methodologies are available to determine the neptunium mass fraction: controlled potential coulometry [START_REF] Xu | Dissolution and assay of neptunium oxide[END_REF], alpha spectrometry [START_REF] Xu | Dissolution and assay of neptunium oxide[END_REF][START_REF] Benedik | Determination of low level Np-237 by various techniques[END_REF][START_REF] Diodati | 239Np as a tracer of 237Np in effluent samples and low level nuclear waste[END_REF][START_REF] Vajda | Determination of Transuranium Isotopes (Pu, Np, Am) by Radiometric Techniques: A Review of Analytical Methodology[END_REF], gamma spectrometry [START_REF] Xu | Dissolution and assay of neptunium oxide[END_REF][START_REF] Benedik | Determination of low level Np-237 by various techniques[END_REF][START_REF] Vajda | Determination of Transuranium Isotopes (Pu, Np, Am) by Radiometric Techniques: A Review of Analytical Methodology[END_REF], neutron activation analysis [START_REF] Benedik | Determination of low level Np-237 by various techniques[END_REF][START_REF] Vajda | Determination of Transuranium Isotopes (Pu, Np, Am) by Radiometric Techniques: A Review of Analytical Methodology[END_REF], Inductively Coupled Plasma-Atomic Emission Spectroscopy [START_REF] Krachler | High resolution ICP-OES analysis of neptunium-237 in samples from pyrochemical treatment of spent nuclear fuel[END_REF][START_REF] Pant | Neptunium estimation in the spent fuel dissolver solution by inductively coupled plasma-atomic emission spectroscopy[END_REF] or Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) [START_REF] Xu | Dissolution and assay of neptunium oxide[END_REF][START_REF] Matteson | Concurrent determination of 237Np and Pu isotopes using ICP-MS: Analysis of NIST environmental matrix standard reference materials 4357, 1646a, and 2702[END_REF][START_REF] Kenna | Determination of plutonium isotopes and neptunium-237 in environmental samples by inductively coupled plasma mass spectrometry with total sample dissolution[END_REF][START_REF] Barrero Moreno | Determination of Neptunium and Plutonium in the Presence of High Concentrations of Uranium by Ion Chromatography-Inductively Coupled Plasma Mass Spectrometry[END_REF]. Among these techniques, ICP-MS is commonly used as it is a quick analytical technique with simple sample preparation. A relative mass fraction uncertainty below 5 % can be obtained using the ID methodology (using a 242 Pu spike) or the gravimetric standard addition method [START_REF] Matteson | Concurrent determination of 237Np and Pu isotopes using ICP-MS: Analysis of NIST environmental matrix standard reference materials 4357, 1646a, and 2702[END_REF][START_REF] Hauswaldt | Uncertainty of standard addition experiments: A novel approach to include the uncertainty associated with the standard in the model equation[END_REF]. Combining TIMS and ICP-MS helps to accurately measure Th and Np at the same time.

This paper presents the analytical protocol combining dissolution, TIMS and ICP-MS measurements to analyze (Th,Np)O2 powder. ICP-MS and TIMS measurement methodologies will be highlighted. Uncertainty estimation computation will be detailed. This mass fraction was updated at the date of use to correct the 230 Th radioactive decay using a 75380(60) years (k = 2) half-life [START_REF] Becquerel | Mini Table of radionucleides[END_REF].

II. Experimental

The Np ( 237 Np 100 at. %) in nitric solution was purchased from the Analytical Methods Committee (CETAMA) of the CEA. This solution is certified for a neptunium mass fraction of 980.8(90) µg g -1 (k = 2) at the certification date (2006/02/02). This mass fraction was updated at the date of use to correct the 237 Np radioactive decay using a 2155000( 14) years (k = 2) half-life [START_REF] Becquerel | Mini Table of radionucleides[END_REF].

The TIMS filaments were in metal rhenium with a purity of 99.99 % and were provided by ATES.

2.2.Analytical protocol

A scheme of the analytical protocol is presented in Figure 1. The (Th,Np)O2 powder (initial sample) was divided in two aliquots containing about 120 mg each (hereafter referred to as aliquot 1 and 2). Both TIMS and ICP-MS techniques require using solutions. Thus, the first step was the dissolution of aliquot 1 and 2. About 10 mL of a (9.5 mol L -1 / 0.005 mol L -1 ) HNO3/HF mixture was added to each aliquot. These solutions (aliquot powder + nitric and hydrofluoric acid) were heated at 135 C for about 70 hours in a sealed PFA vial until total dissolution. The obtained solutions (hereafter the dissolution solutions of the aliquot 1 and 2 are referred to as solution 1 and 2, respectively) had a Th and Np mass fraction of about 5 mg g -1 . Two independent gravimetric dilutions of solution 1 were performed with 1 mol.L -1 HNO3 solution to obtain a mass fraction close to the IRMM 060 CRM (about 40 µg g -1 ). Hereafter, the two diluted solutions 1 are referred to as sample (1-1) and sample

(1-2). Likewise, two independent gravimetric dilutions of solution 2 were performed with 1 mol L -1 HNO3 solution. The two diluted solutions 2 are referred to as sample (2-1) and sample (2-2).

2.3.Instrumentation

Thermal Ionization Mass Spectrometry

The Th mass fraction ([Th]) was determined using ID-TIMS according to Eq. ( 1).

[𝑇ℎ] = 𝑓 Thermo Fisher Triton TIMS used for the experiments were previously described in details [START_REF] Quemet | Americium isotope analysis by Thermal Ionization Mass Spectrometry using the Total Evaporation Method[END_REF]. As there are no isobaric interferences between Np (237 mass) and Th isotopes (230 and 232 masses), no chemical separation was needed. All the experiments were performed with about 500 ng of Th deposited on to the filament. A double Re-filament configuration was used to control independently the evaporation and the ionization filament temperature. For the deposit procedure, 1 µL of solution was deposited onto the filament previously outgassed for 20 min at 4.5 A (before reaching 4.5 A, the current increased at 2.0 A min -1 ) in a high vacuum chamber (< 5 × 10 -6 mbar). After deposition, the sample preparation was dried with a 0.4 A current. Then the current was increased progressively to 2 A in 10 s.

The measurements were performed with the total evaporation method (hereafter referred to as TE method) to overcome the isotope fractionation, main cause of the measurement bias by TIMS [START_REF] Callis | High-precision isotopic analyses of uranium and plutonium by total sample volatilization and signal integration[END_REF]. The TE method is a reference method to measure actinides isotope ratio [START_REF] Aggarwal | Thermal ionisation mass spectrometry (TIMS) in nuclear science and technology -a review[END_REF][START_REF] Quemet | Americium isotope analysis by Thermal Ionization Mass Spectrometry using the Total Evaporation Method[END_REF][START_REF] Mathew | Comparison of mass spectrometric methods (TE, MTE and conventional) for uranium isotope ratio measurements[END_REF]. The TE method, based on the evaporation and ionization of the entire sample, is composed of three steps. The first step is the adjustment phase where the ionization filament is heated to a filament current of 5.6 A in 10 min. Then, the evaporation filament is heated to obtain a232 Th + ion beam of 1 mV. This ion beam intensity is obtained for an evaporation filament current of about 1.9 A. A "peak center" (mass calibration and ions beam centering in the detector) and the lens optimization of the ion source are performed on the 232 Th + ion beams. In the second step (acquisition step), the data acquisition is started. The evaporation filament current starts to increase until the Th isotopes ion beam intensity reaches the target intensity (here 0.4 V). The evaporation filament is then controlled to keep the ions beam intensity constant, by increasing the evaporation current when necessary. The integration time was set at 0.131 s. When the evaporation filament current reaches a maximum value of 6 A and the ion beam decreases down to a 10 mV signal, the data acquisition is then finished (shutdown phase). The Th isotope cumulated signal was about 1200 V. From the Th quantity deposited on to the filament and the obtained cumulated signal, the ionization efficiency can be computed. An ionization efficiency about 0.001 % was observed.

This low ionization efficiency is expected as Th is one of the most difficult element to ionize in TIMS [START_REF] Aggarwal | A review on the mass spectrometric analysis of thorium[END_REF].

For the ( 232 Th/ 230 Th)mix isotope ratios measurement, the 230 Th and 232 Th isotopes were measured on Faraday cups coupled to 10 11 Ω current amplifier (hereafter referred to as FC 11). For the ( 230 Th/ 232 Th)S isotope ratio measurement the 232 Th isotope was collected using a FC 11. The 230 Th isotope was detected using a Secondary Electron Multiplier (SEM) equipped with a Retarding Potential Quadrupole Lenses, decreasing the abundance sensitivity by 1 order of magnitude. The SEM calibration was performed using the method previously described [START_REF] Quemet | Americium isotope analysis by Thermal Ionization Mass Spectrometry using the Total Evaporation Method[END_REF].

The Th in the (Th,Np)O2 powder (required to compute the [Th]S) is natural -i.e.

For the ID methodology, three (sample -spike) mixtures were prepared gravimetrically for each sample (1-1), (1-2), (2-1) and (2-2): 250 µL of the IRMM 060 CRM and 250 µL of sample were mixed for each preparation. Each mixture was evaporated after preparation, and then dissolved again in 40 µL of 1 mol L -1 nitric acid. This step provided the complete homogenization of the (sample -spike) mixture [START_REF] Irrgeher | Chapter 8 Measurement Strategies[END_REF]. 1 µL (about 500 ng of Th) of this final solution was deposited onto a filament for each individual measurement.

The Th mass fraction in the aliquot 1 ([Th]1) is the average of Th mass fraction obtained with the three (sample (1-1) -spike) mixtures measurements and with the three (sample (1-2) -spike) mixture measurements (Figure 1). Likewise, the Th mass fraction in the aliquot 2 (([Th]2) is the average of the Th mass fractions obtained from samples (2-1) and

(2-2) measurements. Finally, the Th mass fraction of the (Th,Np)O2 powder ([Th]) is the average of the Th mass fractions obtained from both aliquots (Figure 1).

Inductively Coupled Plasma Mass Spectrometry

The ICP-MS measurements were performed using a PerkinElmer Elan DRCe equipped with a glove box. The ICP-MS was dedicated to the Np analysis. The plasma power was set at 1300 W. The plasma, auxiliary and nebulizer gas flow rates were set at 15, 1.025 and 1.01 L.min -1 , respectively. A Meinhard concentric nebulizer was used with a low volume baffled cyclonic spray chamber. Samples were analyzed using peak hopping and a dwell time was set to 50 ms amu -1 . The number of sweeps was set at 10. The reading per replicate was set at 1. The total number of replicates was set at 60 [START_REF] Baghdadi | Zr precipitation kinetics in irradiated fuel dissolution solution by TIMS and ICP-MS: a combined study[END_REF]. The measured isotopes were 232 Th and 237 Np.

The Np mass fraction was quantified using the gravimetric standard addition method combined with internal standard (hereafter referred to as GSA method) [START_REF] Hauswaldt | Uncertainty of standard addition experiments: A novel approach to include the uncertainty associated with the standard in the model equation[END_REF][START_REF] Rienitz | New equation for the evaluation of standard addition experiments applied to ion chromatography[END_REF]. The Th present with in the sample was used as the analytical internal standard. shown in Figure 1.

The Np mass fraction ([Np]S(1-1)) obtained in aliquot 1 with sample (1-1) calibration curve was computed using Eq. ( 2).

[𝑁𝑝] ( ) = 𝑓 ( ) • 𝑏 𝑎 • [𝑁𝑝] (2) 
Where with both aliquots (Figure 1).

2.4.Uncertainties estimation and results evaluation 2.4.1. Uncertainty on thorium mass fraction

The uncertainty calculation of Th mass fraction, determined by ID-TIMS, was detailed previously for uranium [START_REF] Quemet | Development and comparison of two high accuracy methods for uranium concentration in nuclear fuel: ID-TIMS and K-edge densitometry[END_REF] and used here for Th. It was estimated by combining the uncertainties from each term of the isotope dilution equation (Eq. ( 1)) and was showed in Eq. ( 3).

𝑢 2 ([𝑇ℎ]) = m T m S • (230) T (232) S • M S M T • R Mix -R T 1 -R Mix • R S 2 • 𝑢 2 ([Th] T ) + [Th] T • 1 m S • (230) T (232) S • M S M T • R Mix -R T 1 -R Mix × R S 2 • 𝑢 2 (m T ) + -[Th] T • m T m S 2 • (230) T (232) S • M S M T • R Mix -R T 1 -R Mix • R S 2 • 𝑢 2 (m s ) + [Th] T • m T m S • 1 (232) S • M S M T • R Mix -R T 1 -R Mix • R S 2 • 𝑢 2 ((230) T ) + -[Th] T • m T m S • (230) T (232) S 2 • M S M T • R Mix -R T 1 -R Mix • R S 2 • 𝑢 2 ((238) S ) + [Th] T • m T m S × (230) T (232) S • M S M T • (R Mix -R T ) • R Mix (1 -R Mix • R S ) 2 2 • 𝑢 2 (R S ) + -[Th] T • m T m S • (230) T (232) S • M S M T • 1 1 -R Mix • R S 2 • 𝑢 2 (R T ) + [Th] T • m T m S • (230) T (232) S • M S M T • 1 -R T • R S (1 -R S • R Mix ) 2 2 • 𝑢 2 (R Mix ) + 𝑢 2 (dilution) + 𝑢 2 (precision) (3) 10 
Where Rmix is the ( 230 Th/ 232 Th)mix ratio, RT is the ( 230 Th/ 232 Th)T ratio and RS is the ( 232 Th/ 230 Th)S ratio. In Eq. ( 3), the molar masses uncertainties were considered negligible and were not taken into account for the final uncertainty computation. The term u(precision) is the method precision. The term u(dilution) is the sample dilution uncertainty.

Uncertainty on neptunium mass fraction

The relative uncertainty on Np mass fraction for aliquot 1 using sample (1-1) and (1-2) calibration curves (u([Np]1/[Np]1, k = 1), computed using the variance propagation method, is presented in Eq. ( 4). The same equation can be used for aliquot 2 using sample (2-1) and (2-2) calibration curves. 

𝑢([𝑁𝑝] )

[𝑁𝑝] = 𝑢([𝑁𝑝] ) [𝑁𝑝] + 𝐶 ( ) + 𝐶 ( ) 2 + 𝑢(𝑥 ) 𝑥 + 𝑢(𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛) 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 + 𝑢(𝑝𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛) 𝑝𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛 With 𝐶 ( ) = ∑ [𝑦 -(𝑏 + 𝑎 • 𝑥 )] 2 • 𝑏 • 1 4 + 𝑏 𝑎 + 𝑥̅ ∑ (𝑥 -𝑥̅ ) (4) 
As for Eq. ( 4), the regression lines term is divided by the number of measurements (here 4) as the regression lines were determined independently. The (u(precision)/precision) term is given by the relative standard deviation of the Np mass fraction obtained in the aliquots 1 and 2 divided by the square root of the number of dissolution (here 2) as the two dissolution are performed independently.

Thorium and neptunium amount fractions and stoichiometry

The Th/metal (%Th) and Np/metal (%Np) amount ratios in the (Th,Np)O2 powder were obtained with Eq. ( 6).

%𝑇ℎ = 𝑛(𝑇ℎ) 𝑛(𝑇ℎ) + 𝑛(𝑁𝑝)

and %𝑁𝑝 = 𝑛(𝑁𝑝) 𝑛(𝑇ℎ) + 𝑛(𝑁𝑝) [START_REF] Aggarwal | Thermal ionisation mass spectrometry (TIMS) in nuclear science and technology -a review[END_REF] With n(Th) and n(Np) the amount fraction calculated from the Th and Np mass fraction in the powder, respectively: n(Th)=[Th]/M(Th) and n(Np)=[Np]/M(Np). Using Eq. ( 6), the powder stoichiometry was found to be Th%ThNp%NpO2.

The Th/metal (u(%Th), k = 1) and Np/metal (u(%Np), k = 1) amount ratio uncertainty (Eq. ( 7)) was estimated by combining the uncertainties from each term of Eq. [START_REF] Aggarwal | Thermal ionisation mass spectrometry (TIMS) in nuclear science and technology -a review[END_REF].

𝑢 (%𝑇ℎ) = 𝑛(𝑁𝑝) 𝑛(𝑇ℎ) + 𝑛(𝑁𝑝) • 𝑢 (𝑛(𝑇ℎ)) + - 𝑛(𝑇ℎ) 𝑛(𝑇ℎ) + 𝑛(𝑁𝑝) • 𝑢 (𝑛(𝑁𝑝))
and

𝑢 (%𝑁𝑝) = 𝑛(𝑇ℎ) 𝑛(𝑇ℎ) + 𝑛(𝑁𝑝) • 𝑢 (𝑛(𝑁𝑝)) + - 𝑛(𝑁𝑝) 𝑛(𝑇ℎ) + 𝑛(𝑁𝑝) • 𝑢 (𝑛(𝑇ℎ)) (7) 
The uncertainties on u(n(Th)) and u(n(Np)) (k = 1) amount fractions were estimated by considering equal the relative uncertainties on the mass and on the amount fractions. The uncertainties on the molar mass are considered negligible.

(Th,Np)O2 purity

The purity of the (Th,Np)O2 powder (expressed as Eq. ( 8)).can be estimated using amount fractions determined by ID-TIMS and ICP-MS (n(Th) and n(Np)) and the found stoichiometry considering a pure Th%ThNp%NpO2 oxide

𝑝𝑢𝑟𝑖𝑡𝑦 = 𝑛(𝑇ℎ) + 𝑛(𝑁𝑝) 𝑛 (𝑇ℎ) + 𝑛 (𝑁𝑝) (8) 
nsto(Th) and nsto(Np) are the Th and Np theoretical amount fractions obtained with the powder stoichiometry (%Th and %Np) and considering oxygen/metal ratio equal to 2.00 (confirmed by X-ray powder diffraction [START_REF] Vauchy | Manufacturing and characterization of Th0.5Np0.5O2 thorium neptunium mixed oxide[END_REF]). Switching theoretical amount fraction according to Eq. ( 9), leads to Eq. [START_REF] Quemet | Development and comparison of two high accuracy methods for uranium concentration in nuclear fuel: ID-TIMS and K-edge densitometry[END_REF].

𝑛 (𝑇ℎ) + 𝑛 (𝑁𝑝) = 1 %𝑇ℎ • 𝑀(𝑇ℎ) + %𝑁𝑝 • 𝑀(𝑁𝑝) + 2 • 𝑀(𝑂) (9) 
𝑝𝑢𝑟𝑖𝑡𝑦 = (𝑛(𝑇ℎ) + 𝑛(𝑁𝑝)) • (%𝑇ℎ • 𝑀(𝑇ℎ) + %𝑁𝑝 • 𝑀(𝑁𝑝) + 2 • 𝑀(𝑂)) (10) 
The uncertainty on purity (u(purity), k = 1) (expressed as Eq. ( 11)) was estimated by combining the uncertainties from each term of Eq. ( 10). The molar mass uncertainties are considered negligible.

𝑢 (𝑝𝑢𝑟𝑖𝑡𝑦) = [%𝑇ℎ • 𝑀(𝑇ℎ) + %𝑁𝑝 • 𝑀(𝑁𝑝) + 2 • 𝑀(𝑂)] • 𝑢 𝑛(𝑇ℎ) + 𝑢 𝑛(𝑁𝑝) + [𝑀(𝑇ℎ)(𝑛(𝑇ℎ) + 𝑛(𝑁𝑝))] • 𝑢 (%𝑇ℎ) + [𝑀(𝑁𝑝)(𝑛(𝑇ℎ) + 𝑛(𝑁𝑝))] • 𝑢 (%𝑁𝑝) (11) 
III. Results and discussion

3.1.Thorium mass fraction using ID-TIMS

The isotopic composition of the Th constituting the (Th,Np)O2 powder was verified. The results obtained for the 230 Th/ 232 Th isotope ratio was 1.73(18)×10 -5 . The Residual Standard deviation (RSD) of the three measurements was 2.7 %, which is close to the RSD observed for similar isotope measurement using TE method with SEM analysis [START_REF] Quemet | Development and comparison of high accuracy thermal ionization methods for uranium isotope ratios determination in nuclear fuel[END_REF]. The 232 Th isotopic abundance was computed to 99.998(10) %, corresponding to the natural Th isotopic composition [START_REF] Meija | Isotopic compositions of the elements 2013 (IUPAC Technical Report)[END_REF].

To the best of our knowledge, no CRM with a certified 230 Th/ 232 Th isotope ratio closed to 1 (isotope ratio mainly measured in this study with the ID methodology) is commercially available. It is difficult to evaluate the 230 Th/ 232 Th ratio measurement. Isotope ratio measurement using the TE method helps overcoming the lack of CRM as no CRM is required for the analysis and for the isotope fractionation correction. The results evaluation was performed by controlling the isotope fractionation law for each TIMS measurement.

The 230 Th/ 232 Th ratio decrease during a measurement using the TE method: lighter isotopes evaporate faster than heavier isotopes. The obtained RSD for the Th mass fraction measured for each group of 3 (sample -spike) mixtures prepared for each sample was 0.10 %, 0.02 %, 0.05 % and 0.07 % for the sample (1-1), (1-2), (2-1) and (2-2), respectively.

This low RSD seems to confirm the good accuracy of the results. Moreover, measurements on uranium and americium CRM with isotope ratio close to 1 were previously measured with a maximum bias below 0.05 % [START_REF] Quemet | Americium isotope analysis by Thermal Ionization Mass Spectrometry using the Total Evaporation Method[END_REF], confirming the good accuracy of the TE method for actinides isotope ratios analysis.

The Th mass fraction results are presented in Table 1. The Th mass fractions determined are 0.4168(39) g g -1 for aliquot 1 and 0.4189(39) g g -1 for aliquot 2. The results RSD obtained with the individual aliquot 1 and 2 measurements are below 0.02 %. The final Th mass fraction in the (Th,Np)O2 powder is 0.4179(39) g g -1 with an RSD of 0.36 %. The relative uncertainty is estimated at 0.92 % (k = 2). The relative contributions, expressed in percent, of the main uncertainty sources for the Th mass fraction in the sample are given in Figure 3. The main uncertainty sources are the uncertainty on the spike mass fraction (66 % of the total budget) and the precision (30 % of the total budget). The Th CRM has a relative mass fraction uncertainty of about 0.74 % (k = 2). The uncertainty on the 232 Th/ 230 Th ratio of the sample spike mixture is a low uncertainty source (1 % of the total budget).

3.2.Neptunium mass fraction using the gravimetric standard addition method combined with internal standard

The first analyses for Np quantification were performed using the ID methodology with a 242 Pu spike solution [START_REF] Matteson | Concurrent determination of 237Np and Pu isotopes using ICP-MS: Analysis of NIST environmental matrix standard reference materials 4357, 1646a, and 2702[END_REF]. The 237 Np/ 242 Pu ratio was then determined by ICP-MS. However, this methodology was not selected because the (Th,Np)O2 powder was slightly contaminated by plutonium which deteriorated and complicated the analysis.

The Np mass fraction results, measured using the GSA method, are presented in Table 1.

The coefficients of determination (R 2 ) were between 0.99994 and 0.99999 for all the calibration curves (Figure 2). The Np mass fraction for the aliquots 1 and 2 are 0.456(10) g g -1 . The RSD obtained for the aliquots 1 and 2 are 0.25 % and 0.28 %, respectively. The final Np mass fraction in the (Th,Np)O2 powder was found to be 0.4558(80) g g -1 with a relative uncertainty estimated at 1.8 % (k = 2). The RSD between the values of aliquots 1 and 2 are below 0.1 %. The main uncertainty sources, presented in Figure 3, are the uncertainty due to the regression line (72 % of the total budget) and the CRM Np mass fraction (26 % of the total budget).

Using the Th present within the sample as internal standard presented different advantages.

First, internal standard addition is not necessary: the number of experiments in glove boxes is reduced. The cross contamination risk, very present when experiments are performed in glove boxes, is reduced to minimum. Equations are also simplified as the sample and internal standard masses are the same. Moreover, 232 Th and 237 Np masses and ionization potentials (608.5 kJ mol -1 for Th and 604.5 kJ mol -1 for Np) are similar. Finally, Th is a good enough internal standard for Np analysis.

3.3.(Th,Np)O2 stoichiometry and purity

Th and Np mass fraction determined with TIMS and ICP-MS measurements helped to find the Th0.4836(50)Np0.5164(50)O2 stoichiometry (computation details can be found in Eq. ( 6)).

Considering the ThO2 and NpO2 masses involved during the powder metallurgy process of the mixed dioxide, the theoretical stoichiometry should be Th0.507Np0.493O2. The obtained stoichiometry is close to the one using the masses involved during the process but remains significantly different. Different reason can explain this difference of about 5 %. The work in a shielded line, where the powder was synthesized, is delicate: powder loss can occur during the process. The impurities proportion in the ThO2 and NpO2 powders was not taken into account: the weighing was performed considering a pure ThO2 and NpO2 powder.

Finally, the scale used in shielded line have a higher uncertainty than scales used in glove boxes or on benchtops. The weighing process is delicate in a hot cell which can lead to significant uncertainty.

Combining the obtained stoichiometry and an oxygen/metal ratio equal to 2.00 [START_REF] Vauchy | Manufacturing and characterization of Th0.5Np0.5O2 thorium neptunium mixed oxide[END_REF] a purity of 0.993( 16) is calculated (computation details can be found in Eq. ( 10)). The purity relative uncertainty is estimated at 1.6 % (k = 2). This purity, very close to 1, confirmed the stoichiometry obtained from ID-TIMS and ICP-MS measurements. The contamination of the material was very limited as the hot cell, where the (Th,Np)O2 was manufactured, was completely cleaned before the ceramic processing.

IV. Conclusions

The accurate elemental composition of the (Th,Np)O2 mixed oxide was determined by combining TIMS and ICP-MS measurements. After dissolution, the Th mass fraction was quantified by ID-TIMS with an expected uncertainty below 1 %. The Np mass fraction was measured using the gravimetric standard addition method combined with an internal standard. The expected uncertainty was about 1.8 %. As Th was initially present in the sample, this element was used as the internal standard. The strategy consisting in using an element already present within the sample had some advantages: reduction of manipulations in glove boxes, reduction in the cross-contamination risk reduction and simplification of the equation used.

A Th0.4836(50)Np0.5164(50)O2 stoichiometry was obtained and was close to the target value estimated from the initial mixture of ThO2 and NpO2 raw powders. Finally, a purity close to 1 was computed.

In the future, this combined ID-TIMS and GSA method with ICP-MS methodology will be used for other elements when using ID is difficult due to spike lack. For instance, uranium cerium oxide can be analyzed with this methodology: uranium with ID-TIMS measurement and cerium with ICP-MS measurement. 

2. 1 .

 1 Materials, reagents and certified reference materialsNitric acid (𝑤 = 67-70 %, J.T. Baker) was of Ultrex II reagent grade. Hydrofluoric acid (𝑤 = 40 %, Merck) was of Suprapur grade. Deionized water was provided by a MilliQ system (resistivity: 18.2 MΩ cm, Millipore, Milford). (9.5 mol L -1 /0.005 mol L -1 ) HNO3/HF, 1 mol L -1 HNO3 and 0.5 mol L -1 HNO3 solutions were prepared by volumetric dilution in deionized water.The Th spike solution used in the ID methodology was the IRMM 060 certified reference material (CRM) provided by the Joint Research Centre of the European Commission. This CRM contains high amounts of230 Th and its mass fraction and isotope ratio are certified. Its Th mass fraction was 40.43(30) µg g -1 (k = 2) at the certification date (1998/02/01).

First, a 10 -

 10 fold dilution was obtained gravimetrically for the Np CRM. The final mass fraction of the diluted Np CRM ([Np]CRM) was about 100 µg g -1 . Three different blends and a no addition sample (hereafter referred to as addition 0) were prepared gravimetrically for the sample (1-1). For the addition 0, 200 µL of sample (1-1) and 4800 µL of 0.5 mol L -1 HNO3 were mixed. The three different blends (hereafter referred to as addition 1, 2 and 3) were prepared by mixing:-200 µL of sample (1-1) -+ 100 µL for addition 1, 200 µL for addition 2 and 300 µL for addition 3 of the diluted Np CRM -+ 4700 µL for addition 1, 4600 µL for addition 2 and 4500 µL for addition 3 of 0.5 mol L -1 HNO3 Addition 0 and blends for the samples (1-2), (2-1) and (2-2) were prepared in the same way as for the sample (1-1). Then, an approximate 250-fold dilution for each of the sixteen solutions (addition 0, 1, 2 and 3 for the samples (1-1), (1-2), (2-1) and (2-2)) was obtained volumetrically to be suitable for ICP-MS measurements. The Np mass fractions were about 9, 17, 26 and 34 ng g -1 for addition 0, 1, 2 and 3, respectively. The Th mass fraction, used as the internal standard, was about 9 ng g -1 in each ICP-MS solution. A (y(x) = a •x + b) linear relation was plotted for each of the samples: y = 237 Np/ 232 Th•m(internal standard)/m(sample), as the sample and internal standard masses are the same the relation can be simplified to y = 237 Np/ 232 Th intensity ratio and x = m(diluted Np CRM)/m(sample). The calibration curve obtained for sample (1-1) is

fS( 1 - 1 )

 11 is the sample (1-1) dilution factor to compute the Np mass fraction in aliquot 1. The same computation can be performed to obtain the Np mass fraction in aliquot 1 with sample (1-2) calibration curve ([Np]S(1-2)) and in aliquot 2 with sample (2-1) and (2-2) calibration curves ([Np]S(2-1)) and ([Np]S(2-2)), respectively). As for Th measurement, Np mass fraction in aliquot 1 ([Np]1) was the average of the Np mass fraction obtained with the samples (1-1) and (1-2) measurements (Figure 1). Similarly, the Np mass fraction in aliquot 2 ([Np]2) was the average of the Np mass fractions obtained with the samples (2-1) and (2-2) measurements. Finally, the Np mass fraction of the (Th,Np)O2 powder ([Np]) was the average of the Np mass fractions obtained

  With a the slope of the linear fit function, b the y-intercept of the linear fit function, xi the m(Np CRM)/m(sample) ratio for additions with i = 0, 1, 2 and 3, 𝑥̅ the xi average, and yi the 237 Np/ 232 Th intensity ratio for additions with i = 0, 1, 2 and 3. The first term of Eq. (4) (u([Np]CRM/[Np]CRM) is the CRM relative uncertainty. The second term (CS) is the regression line uncertainty. The regression lines of sample (1-1) and (1-2) are obtained independently. Thereby, the term linked to the regression line uncertainty in Eq. (4) is given by the quadratic sum of the sample (1-1) and (1-2) regression line uncertainty divided by the measurement number (here 2). The third term (u(xi)/xi) is the m(Np CRM)/m(sample) ratio relative uncertainty. The fourth term (u(dilution)/dilution) is the weighing relative uncertainty due to the dissolution and gravimetric dilutions. The (u(precision)/precision) term is given by the relative standard deviation of the Np mass fraction obtained using the samples (1-1) and (1-2) results divided by the square root of the number of dissolutions (here 1). The terms, other than the regression line uncertainty, are not independent (and so not divided by the square root of the number of measurement): the same dissolution, the same Np CRM solution and the same balance were used for all calibration curves. The calculation of the relative uncertainty of the Np mass fraction in the (Th,Np)O2 powder (u([Np]/[Np], k = 1) is presented in Eq. (5).

Figure 3 :

 3 Figure 3: Relative contribution (%) of the main uncertainty sources for the Th mass fraction determined by ID TIMS (a) and for the Np mass fraction determined by the GSA method (b)

TableTable 1 :

 1 Th mass fraction determined by ID-TIMS and Np mass fraction obtained with the GSA method. U corresponds to the total relative uncertainty (k = 2)

		Th		Np	
		Aliquot 1	Aliquot 2	Aliquot 1	Aliquot 2
	Results (g g -1 )	0.4168(39)	0.4189(39)	0.456(10)	0.456(10)
	RSD (%)	0.02	0.01	0.25	0.28
			(Th,Np)O2 powder	
	Results (g g -1 )	0.4179(39)	0.4558(80)
	RSD (%)	0.36		0.05	
	U (%, k = 2)	0.92		1.8	

Th = 99.98(2) at.%[START_REF] Meija | Isotopic compositions of the elements 2013 (IUPAC Technical Report)[END_REF]. Nevertheless, the Th isotopic composition of the sample was verified. Three deposits of about 500 ng were analyzed using the TE method.
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