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Capillary electrophoresis (CE) was hyphenated to multi-collector inductively coupled plasma mass spectrometry (MC-ICP-MS) to determine the model age of a highly enriched uranium (HEU) sample using the 234 U/ 230 Th radiochronometer. The use of hydroxymethylbutyric acid (HMBA) as the CE electrolyte was investigated, and a complexation stacking method was developed to increase the thorium signal obtained. The age of the material was determined by measuring the 230 Th content of the HEU sample using isotope dilution in conjunction with the CE-MC-ICP-MS protocol. The CE-MC-ICP-MS protocol and a standard offline protocol using gravitational chromatography both gave results in accordance within uncertainties with the production date of the HEU sample (March 1965). Liquid waste production was only of a few microliters with the use of CE. The hyphenation of CE with MC-ICP-MS render the measurement of the age of the HEU material in less than one day possible. Obtaining results in a timely fashion is of particular importance for nuclear forensics studies.

Introduction

Uranium is found in natural ores and is thus one of the most common nuclear materials. It is used in nuclear powerplants as fuel. As such, it is not surprising that nuclear forensics studies focus on the analysis of uranium samples [START_REF] Capannesi | Characterization of a suspect nuclear fuel rod in a case of illegal international traffic of fissile material[END_REF][START_REF] Pajo | Investigation of the oxygen isotopic composition in oxidic uranium compounds as a new property in nuclear forensic science[END_REF][START_REF] Han | Measurement of the sulphur isotope ratio ( 34 S/ 32 S) in uranium ore concentrates (yellow cakes) for origin assessment[END_REF][START_REF] Kips | Microscale Isotopic Variation in Uranium Fuel Pellets with Implications for Nuclear Forensics[END_REF]. The provenance of the material is established by determining the elemental and isotopic composition for major but also trace or ultra-trace elements of the sample [START_REF] Krajkó | Application of neodymium isotope ratio measurements for the origin assessment of uranium ore concentrates[END_REF][START_REF] Asai | LA-ICP-MS of rare earth elements concentrated in cationexchange resin particles for origin attribution of uranium ore concentrate[END_REF][START_REF] Donard | Determination of relative rare earth element distributions in very small quantities of uranium ore concentrates using femtosecond UV laser ablation -SF-ICP-MS coupling[END_REF][START_REF] Kristo | Nuclear forensic analysis of uranium oxide powders interdicted in Victoria, Australia[END_REF]. Uranium enrichment needs to be measured to determine the intended use of the material, i.e., for military or civilian purposes [START_REF] Smith | Documentation of a model action plan to deter illicit nuclear trafficking[END_REF].

The age of the material is of great importance to identify its origin. With uranium samples, it is possible to date the last chemical purification of the material using the 234 U/ 230 Th radiochronometer [START_REF] Stanley | A beginner's guide to uranium chronometry in nuclear forensics and safeguards[END_REF][START_REF] Varga | Development and validation of a methodology for uranium radiochronometry reference material preparation[END_REF]. 234 U has a half-life of 2.455 ± 0.006×10 5 a (U, k=1) [START_REF] Bé | Bureau International des Poids et Mesures[END_REF]. It decays into 230 Th, which in turn decays into 226 Ra. With the assumption that there is no 230 Th initially present in the sample, and that the material has behaved as a closed system since its last chemical purification, the age of the material is determined by measuring the respective concentrations of 234 U and 230 Th [START_REF] Varga | Development and validation of a methodology for uranium radiochronometry reference material preparation[END_REF]. Trace amounts of 230 Th are generally still present in the material after chemical purification, yielding results ages older than the true one. As such, ages obtained using the 234 U/ 230 Th radiochronometer are called model ages [START_REF] Kristo | The application of radiochronometry during the 4th collaborative materials exercise of the nuclear forensics international technical working group (ITWG)[END_REF].

As one of the most precise and accurate ways to quantify the elemental concentration of a sample, isotope dilution mass spectrometry (IDMS) is particularly suited for measuring 230 Th and 234 U concentrations [START_REF] Heumann | Isotope dilution mass spectrometry (IDMS) of the elements[END_REF]. Thermal ionization mass spectrometry (TIMS) or multicollector inductively coupled plasma mass spectrometry (MC-ICP-MS) instruments are used in IDMS studies, owing to the low level of measurement uncertainty they provide [START_REF] Kristo | The application of radiochronometry during the 4th collaborative materials exercise of the nuclear forensics international technical working group (ITWG)[END_REF]. The determination of the 230 Th concentration is however impaired by matrix effects due to the high uranium content [START_REF] Varga | Production date determination of uranium-oxide materials by inductively coupled plasma mass spectrometry[END_REF].

Prior to mass spectrometry (MS) measurements, off-line chemical separations are usually used to isolate thorium from its uranium matrix. Those separations are generally carried out using extractant or ion-exchange resins. Such off-line protocols are highly effective and, in combination with mass spectrometry, render possible the determination of the thorium concentration with relative uncertainties between 0.5 and 1.5% [START_REF] Gaffney | Round-robin 230 Th-234 U age dating of bulk uranium for nuclear forensics[END_REF][START_REF] Seth | Accurate measurements of Th-U isotope ratios for carbonate geochronology using MC-ICP-MS[END_REF][START_REF] Williams | 230Th-234U model ages of some uranium standard reference materials[END_REF]. These methods lead to the production of solid waste, made up of the resins themselves, and of a few tens of milliliters of liquid waste [START_REF] Varga | Production date determination of uranium-oxide materials by inductively coupled plasma mass spectrometry[END_REF]. These protocols often involve several steps of conditioning, washing, fraction collection and MS analysis [START_REF] Wallenius | Determination of the age of highly enriched uranium[END_REF].

The online hyphenation of the separation technique with the mass spectrometer makes it possible to reduce the analysis time by to performing all these steps in an automated way.

Additionally, the use of automated separation systems limits cross-contamination of the system and lowers system blanks. [START_REF] Metzger | Automated Separation of Uranium and Plutonium from Environmental Swipe Samples for Multiple Collector Inductively Coupled Plasma Mass Spectrometry[END_REF] Although not for uranium age dating, flow-injection analysis and high-performance liquid chromatography (HPLC) have been used in conjunction with inductively coupled plasma mass spectrometry (ICP-MS) for the separation and online analysis of uranium and thorium in nuclear materials [START_REF] Kumar | HPLC Method for Determination of Th, U and Pu in Irradiated (Th,Pu)O2 using Mandelic Acid as an Eluent[END_REF][START_REF] Hann | Separation of spectral and non-spectral interferences by on-line high performance ion chromatography inductively coupled plasma sector field mass spectrometry (HPIC-ICP-SFMS) for accurate determination of 234 U , 235 U, 238 U and 232 Th in industrial ores[END_REF][START_REF] Aldstadt | Determination of uranium by flow injection inductively coupled plasma mass spectrometry[END_REF].

An alternative to the use of chromatography is capillary electrophoresis (CE), which has already been used for uranium-thorium separations, with an UV detection [START_REF] Macka | Separation of uranium(VI) and lanthanides by capillary electrophoresis using on-capillary complexation with arsenazo III[END_REF]. Capillary electrophoresis limits the production of liquid waste to several microliters owing to the capillary dimensions. The analysis time is also limited thanks to the possibility of hyphenation with ICP-MS. Even though CE-ICP-MS hyphenations were already performed for speciation studies with actinides [START_REF] Kuczewski | Separation of Plutonium and Neptunium Species by Capillary Electrophoresis-Inductively Coupled Plasma-Mass Spectrometry and Application to Natural Groundwater Samples[END_REF][START_REF] Willberger | Investigation of the Electrophoretic Mobility of the Actinides Th, U, Np, Pu, and Am in Different Oxidation States[END_REF], this kind of hyphenation has, to the best of our knowledge, never been applied for uranium age dating in nuclear forensics studies. Capillary electrophoresis was chosen over chromatography for this application with the idea of producing easy-to-use, hyphenated microsystems for rapid age dating in future works. Indeed, eletrokinetic separation techniques do not involve a stationary phase. They offer advantages for microsystems development, as the integration of a stationary phase in a microfluidic channel is often tedious.

Capillary electrophoresis is a powerful technique for the separation of metal species thanks to the use of complexing agents as separation electrolytes. In the nuclear field, alphahydroxyisobutyric acid (HIBA) has been used for separating lanthanides by CE-ICP-MS [START_REF] Day | Application of capillary electrophoresis interfaced to double focusing sector field ICP-MS for nuclide abundance determination of lanthanides produced via spallation reactions in an irradiated tantalum target[END_REF].

Hydroxymethylbutyric acid (HMBA), a molecule similar to HIBA displaying better resolution for light lanthanides, has been utilized in isotachophoresis (ITP) for the same application in an ITP-ICP-MS study [START_REF] Vio | Separation and analysis of lanthanides by isotachophoresis coupled with inductively coupled plasma mass spectrometry[END_REF]. HMBA was chosen in the present study as its complexation with uranium allowed it to be separated from lanthanides, as evidenced by Vio et al. [START_REF] Vio | Separation and analysis of lanthanides by isotachophoresis coupled with inductively coupled plasma mass spectrometry[END_REF].

However, as far as we know, the ability of HMBA to separate uranium from thorium by capillary electrophoresis has yet to be proven.

Capillary electrophoresis also allows an enhancement of the analyte signal with the use of stacking. Stacking consists in inducing a difference in analyte mobility in order to narrow its migration peak and increase its signal [START_REF] Malá | Contemporary sample stacking in CE: A sophisticated tool based on simple principles[END_REF]. A particular method of stacking is called complexation stacking, where metals are complexed during the CE separation as to decrease their mobility [START_REF] Malá | Contemporary sample stacking in CE: A sophisticated tool based on simple principles[END_REF][START_REF] Isoo | Analysis of Metal Ions by Sweeping via Dynamic Complexation and Cation-Selective Exhaustive Injection in Capillary Electrophoresis[END_REF].

In this study, a procedure for determining of the age of a highly-enriched uranium (HEU) sample with a known production date [START_REF] Williams | 230Th-234U model ages of some uranium standard reference materials[END_REF] was developed and validated. The procedure consisted in measuring the 230 Th concentration after spiking with 232 Th and separating it from the uranium with an online CE-MC-ICP-MS hyphenation, with HMBA as the electrolyte. A stacking method was also designed to increase the signal obtained for 230 Th, relative to the low 230 Th amount in the sample.

The first part of this study deals with the development of the U/Th separation by CE and with the development of a thorium stacking method. The second part of the study is the elaboration of a protocol to determine thorium isotope ratios on transient signals by MC-ICP-MS. The 230 Th/ 232 Th isotope ratio was determined during the migration peak obtained by CE, with two different types of detectors -a secondary electron multiplier (SEM) for 230 Th and a Faraday cup for 232 Th. The age obtained with the CE-MC-ICP-MS protocol was compared to the age determined with a standard off-line protocol and with the known production date of the material to validate the analytical procedure.

Materials and methods

Development of uranium-thorium separation by CE-Q-ICP-MS

Standard fused silica capillaries (Polymicro Technologies, Phoenix, USA) were employed.

For capillary preconditioning and rinsing, sodium hydroxide (Titripur, Merck), nitric acid (PlasmaPure, SCP Science) and ultrapure water (18.2 MΩ.cm, Merck Millipore) were used.

In the current study, electrolytes were prepared by dissolving solid HMBA (98%, Sigma-Aldrich) in ultrapure water. The pH of all electrolytes was adjusted to the desired value using a 20-22% ammonia solution (PlasmaPure, SCP Science).

The "synthetic" sample used during optimization of the separation conditions was a mixture of uranium and thorium prepared from 990 ± 5 (U, k=2) µg.g -1 SPEX solutions (SPEX Certiprep), evaporated to dryness and diluted in the separation electrolyte to obtain a thorium and uranium concentration of 0.990 µg.g -1 .

To develop the separation, a commercial CE instrument (Agilent Technologies 7100 CE) was hyphenated to a quadrupole ICP-MS (Agilent Technologies 7700 Series) using a MiraMist CE interface. The details of the experimental setup are presented in Table 1. The length of the capillary could not be shorter than 1 meter, due to the geometry of the CE-ICP-MS setup.

Voltage and pressure were chosen as to maximize the time difference between U and Th migration peaks.

An additional HMBA make-up electrolyte was used in the MiraMist CE nebulizer. The composition of the electrolyte was adapted to each CE experiment and had the same pH and HMBA concentration than the electrolyte located at the outlet of the capillary. Ethanol (HPLC grade, Sigma-Aldrich) was added to the HMBA make-up electrolyte with a 10% ratio (w/w).

Ethanol was added to improve the nebulization process, as prescribed by the MiraMist CE manufacturer, and as reported in several CE-ICP-MS studies [START_REF] Topin | Direct determination of plutonium(V) and neptunium(V) complexation by carbonate ligand with CE-ICP-sector field MS[END_REF][START_REF] Willberger | Determination of the Stability Constants of the Acetate Complexes of the Actinides Am(III), Th(IV), Np(V), and U(VI) Using Capillary Electrophoresis-Inductively Coupled Plasma Mass Spectrometry[END_REF].

Before its first use, the capillary was conditioned by successively flushing it with 0.1M NaOH, 2% nitric acid and ultra-pure water for 20 minutes each. Between the analyses, the capillary was successively flushed with NaOH, water and the separation electrolyte for 6 minutes each.

Injections were performed hydrodynamically. The injection volume was 1% of the capillary volume. The injection volume was raised to 5% of the capillary volume during the development of the stacking protocol.

The migration time of neutral species was detected with a contactless conductivity detector (C 4 D). Analyte electrophoretic mobilities (µep) were calculated from the migration times of the analytes and of the neutral species with Equation 1 [START_REF] Kuhn | Capillary Electrophoresis: Principles and Practice[END_REF].
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In Equation 1, is the length of the capillary, is the distance between the capillary inlet and the C 4 D detector and U is the separation voltage. tm(analyte) is the migration time of the analyte measured with the ICP-MS, tm(neutral species) is the migration time of the neutral species measured with the C 4 D. Simulations were performed as part of the development of the stacking protocol using the Simul5 software [START_REF] Hruška | Simul 5 -Free dynamic simulator of electrophoresis[END_REF].

Development of the 230 Th/ 232 Th measurement protocol by CE-MC-ICP-MS

Samples and spikes

The HEU sample, the age of which was determined in this study, was the certified reference material U-970 (New Brunswick Laboratory, USA). The last chemical purification of this material was performed in March 1965 [START_REF] Williams | 230Th-234U model ages of some uranium standard reference materials[END_REF]. The material was an U3O8 powder, that was weighed before dissolution in HNO3 4M (PlasmaPure, SCP Science) to obtain a diluted HEU solution. U-970 is certified in regards to its 235 U/ total U atom ratio, with a certified value of 0.97663 ± 0.00003 (U, k=2), and in regards to its 234 U/ tot U atom ratio, with a certified value of 0.016653 ± 0.000017 (U, k=2). 230 Th is present in trace amounts in the HEU sample, with a theoretical [ tot U]/[ 230 Th] atom ratio of about 4×10 5 . The concentration of 234 U in the diluted HEU solution was previously determined using isotope dilution associated with thermal ionization mass spectrometry with a 233 U spike, and was 22.96 ± 0.07 µg.g -1 (U, k=2).

The concentration of 230 Th in the HEU sample was measured by isotope dilution with CE-MC-ICP-MS analysis. The 232 Th spike was obtained from 988 ± 5 µg.g -1 (U, k=2) SPEX solutions. The absence of 230 Th in the spike solutions was evidenced by Q-ICP-MS, with a limit of detection in the order of pg.g -1 . Four different isotope-diluted samples were prepared, using two different thorium SPEX solutions. The sample-spike mixtures were evaporated to dryness on a hot plate, and dissolved in an appropriate amount of separation electrolyte prior to injection in the CE system. The concentration of uranium in the sample-spike mixtures varied from 400 to 600 µg.g -1 , corresponding to a 230 Th concentration inferior to 2 ng.g -1 , and to injected 230 Th quantities inferior to 400 fg. The concentration of the 232 Th was below 60 ng.g -1 in the sample-spike mixture, yielding injected 232 Th quantities of less than 12 pg.

CE-MC-ICP-MS experimental setup

The Neptune Plus MC-ICP-MS (Thermo Scientific) ion source was located in a glovebox. A laboratory-built CE setup was employed in the glovebox, comprising notably a hermetic vessel for pressure and high-voltage application. The MiraMist CE interface was also utilized to hyphenate CE with MC-ICP-MS. The details of the experimental setup used here are presented in Table 2. They have been adapted from the ones used in previous investigations [START_REF] Martelat | Precise U and Pu Isotope Ratio Measurements in Nuclear Samples by Hyphenating Capillary Electrophoresis and MC-ICPMS[END_REF].

A double inlet spray chamber allows the introduction of an isotope certified reference material with a dedicated MicroMist nebulizer before and after the migration of the analyte peak without disturbing the separation, using the Intra-Injection Sample Standard Bracketing (IISSB) protocol, previously developed in our laboratory [START_REF] Guéguen | Neodymium isotope ratio measurements by LC-MC-ICPMS for nuclear applications: investigation of isotopic fractionation and mass bias correction[END_REF]. The certified isotope reference material employed is IRMM-183 (European Commission, JRC Geel, Belgium), with certified atom ratios of 0.0032157 ± 0.0000016 (U, k=2) for 235 U/ 238 U and 0.000148358 ± 0.000000054 (U, k=2) for 236 U/ 238 U.

Procedure for MC-ICP-MS isotope ratio measurements

After thorium separation from uranium by CE, the 230 Th/ 232 Th ratio in the HEU sample was measured with the MC-ICP-MS. Due to the low amount of 230 Th present in the HEU sample relative to the uranium content, a SEM was used to acquire the 230 Th signal, while a Faraday cup was used to acquire the 232 Th signal.

Several corrections factors were applied using the uranium certified isotope reference material IRMM-183. Mass bias was taken into account by measuring the 235 U/ 238 U ratio of IRMM-183. The use of uranium CRMs to correct thorium mass bias has proven to be valid with several studies [START_REF] Williams | 230Th-234U model ages of some uranium standard reference materials[END_REF][START_REF] Varga | Validation of reference materials for uranium radiochronometry in the frame of nuclear forensic investigations[END_REF][START_REF] Treinen | US-DOE and CIAE international cooperation in age-dating uranium standards[END_REF]. Hydride formation was calculated by measuring the 238 U 1 H/ 238 U ratio of IRMM-183. The interdetector gain was obtained by measuring the 236 U/ 238 U ratio, correcting it for hydride formation and mass bias, and finally correcting to the certified value to obtain the interdetector gain. This method was adapted from the Hoffmann et al. method [START_REF] Hoffmann | Procedures for accurate U and Th isotope measurements by high precision MC-ICPMS[END_REF]. The stability of the interdetector gain was subsequently verified over the day.

The Linear Regression Slope (LRS) method was used to determine the 230 Th/ 232 Th ratio, as well as the 238 UH/ 238 U, the 235 U/ 238 U and the 236 U/ 238 U ratios of IRMM-183 with transient signals, setting the integration time to 0.131 s. This method allows the determination of isotope ratios on transient signals while minimizing the errors caused by different detector time constants [START_REF] Fietzke | An alternative data acquisition and evaluation strategy for improved isotope ratio precision using LA-MC-ICP-MS applied to stable and radiogenic strontium isotopes in carbonates[END_REF][START_REF] Gourgiotis | Method for isotope ratio drift correction by internal amplifier signal synchronization in MC-ICPMS transient signals[END_REF].

A summary of the measurement protocol developed in this study is presented in Figure 1, along with an outline of the detector configurations used for those measurements, presented in Table 3. The SEM was used to measure low-intensity signals of 230 Th + , 236 U + and 238 U 1 H + . On the NeptunePlus MC-ICP-MS, the SEM is located at the central position of the multicollector array (position C). Faraday cups were used for 238 U + and 235 U + on the low mass side (position L1), and for 238 U + and 232 Th + on the high mass side (position H2). The time in-between two separations using the developed protocol was between two and three hours.

Age determination of the HEU sample

The age of the HEU sample was determined by measuring the 230 Th concentration of the HEU sample by isotope dilution and CE-MC-ICP-MS analysis [START_REF] Heumann | Isotope dilution mass spectrometry (IDMS) of the elements[END_REF]. The thorium concentration in the HEU sample was calculated using Equation 2 [START_REF] Heumann | Isotope dilution mass spectrometry (IDMS) of the elements[END_REF].
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In Equation 2 Finally, the age of the material was determined using Equation 3, derived from the Bateman equations of radioactive decay [START_REF] Hruška | Kohlrausch regulating function and other conservation laws in electrophoresis[END_REF], where 6 7 For the HEU sample, the model-age obtained with the CE-MC-ICP-MS protocol was compared to the model age determined with a standard offline protocol, using the same HEU diluted solution and a 232 Th spike. The standard offline protocol consisted in separating thorium from uranium with a UTEVA resin (Triskem International), after which the thorium fraction was collected. The 230 Th/ 232 Th ratio in the thorium fraction was determined by MC-ICP-MS, measuring both thorium isotopes with a SEM in peak-jumping mode.

Results and discussion

Development of uranium-thorium separation using capillary electrophoresis and complexation stacking

The separation between uranium and thorium was developed, first by selecting the background electrolyte. The ability of HMBA to separate uranium and thorium by CE was verified using CE-Q-ICP-MS, injecting the synthetic sample of uranium and thorium at a concentration of 1 µg.g -1 for both actinides. The electrophoretic mobilities of thorium and uranium were studied over a wide HMBA concentration range (5 to 500 mmol.L -1 ) at a pH of 3 to avoid thorium hydrolysis. Two different HMBA concentrations were further selected to observe the change of migration behavior between a low-complexing electrolyte (HMBA 150 mmol.L -1 ) and a high-complexing one (HMBA 500 mmol.L -1 ). The HMBA concentration and pH were constant along the capillary, as illustrated in the inset of Figure 2a. The results obtained for a uranium-thorium separation conducted using a low-complexing electrolyte -HMBA 150 mmol.L -1 adjusted to a pH of 3 -are presented in Figure 2a, whereas the results obtained using a high-complexing electrolyte are presented in Figure 2b.

Uranium and thorium were baseline separated with both the low-complexing and highcomplexing electrolytes, as visible in Figure 2a and Figure 2b. The duration of the CE runs in Figure 2a and Figure 2b were 50 and 70 minutes respectively, which is uncommon for CE separations. The capillary length (1 m) and the pressure applied to the inlet vial (20 mbar) were chosen as to maximize the time separating the migration of Th(IV) and U(VI), thereby increasing the CE run time. By comparison with the migration time of neutral species in Figure 2a, it can be seen that thorium exhibited a cationic behavior in HMBA 150 mmol.L -1 at a pH of 3, while uranium was slightly anionic, with mobilities of respectively µep(Th)= 1.68×10 -5 cm².V -1 .s -1 and µep(U)= -0.38×10 -5 cm².V -1 .s -1 . As visible in Figure 2b, thorium and uranium migrated long after the neutral species in HMBA 500 mmol.L -1 at a pH of 3, signifying that they were negatively charged, with mobilities of respectively µep(Th)= -6.14×10 -5 cm².V -1 .s -1 and µep(U)= -8.31×10 -5 cm².V -1 .s -1 . The reduction of the thorium and uranium mobilities was consistent with the increase in free ligand concentration caused by the rise in HMBA concentration.

In Figure 2, the concentration ratio between U and Th in the synthetic sample was 1/1.

However, in the HEU sample, the tot U/ 230 Th was about 4×10 5 (see Materials and Methods section). To obtain sufficient intensity for 230 Th, the amount of sample introduced in the capillary was raised, by increasing the sample injection volume. To avoid the deterioration of the peak shape caused by the increase in sample volume, it was necessary to apply a stacking protocol [START_REF] Malá | Contemporary sample stacking in CE: A sophisticated tool based on simple principles[END_REF].

A thorium stacking method employing complexation stacking with a stationary concentration boundary was therefore developed. The stationary concentration boundary induced a difference in thorium mobility across the boundary between the complexing and the noncomplexing zones. Figure 3 presents a schematic description of the composition of electrolytes inside the capillary applying such a method. The capillary composition at the beginning of the separation, depicted in Figure 3, was experimentally obtained by successive hydrodynamic injections of the electrolytes. The sample plug was located left of the stationary boundary, and its composition was identical to the one of the non-complexing zone -except for the presence of thorium and uranium.

When the mobility of thorium decreases to the right of the concentration boundary, stacking occurs. Since thorium and uranium have negative mobilities in HMBA 500 mmol.L -1 pH 3, this electrolyte was chosen for the zone to the right of the boundary, called the complexing zone. As a result of the thorium mobility being negative in the complexing zone, thorium is not only stacked but also focused at the concentration boundary.

Thorium must exhibit a positive mobility in the zone to the left of the concentration boundary, called the non-complexing zone, for focusing to occur. Also, uranium must have a negative mobility in the non-complexing zone, otherwise it would focus alongside thorium on the concentration boundary. Thorium exhibits a positive mobility while that for uranium is negative in HMBA 150 mmol.L -1 pH 3. This electrolyte was therefore chosen for the noncomplexing zone.

Because of the low difference in mobility between thorium and uranium (µep(Th)-µep(U)= 2.06×10 -5 cm².V -1 .s -1 ) in HMBA 150 mmol.L -1 at a pH of 3, it would be difficult to perform the separation using the electrolyte setup presented in Figure 3. To improve the uranium-thorium separation, it was decided to raise the pH of the electrolyte in the sample zone as this would increase the proportion of free ligand in the electrolyte, and have the same effect on the electrophoretic mobilities as increasing the total HMBA concentration. Nevertheless, this effect was temporary, as hydrogen ions migrate very rapidly in the capillary, and since their concentration adjusts due to regulation laws [START_REF] Hruška | Kohlrausch regulating function and other conservation laws in electrophoresis[END_REF]. Simulations were performed to predict the behavior of the electrolyte setup presented in the inset of Figure 4, using the Simul 5 software [START_REF] Hruška | Simul 5 -Free dynamic simulator of electrophoresis[END_REF]. A more detailed description of the calculations and of their interpretation can be found in the Electronic Supplemental Information (ESI), along with Figures S1,S2, and S3 depicting the evolution of ion concentrations in the capillary. Figure S1 shows the HMBA concentration and pH as a function of capillary position at the beginning of the separation. When the simulation started, the sample zone became more acidic due to the migration of hydrogen ions from the non-complexing zone. This resulted in the composition presented in Figure S2, where the sample zone is almost completely acidified. Finally, when the sample zone was completely acidified, hydrogen ions continued to migrate and the complexing zone became more acidic (see Figure S3). The concentration boundary is almost stationary, and only tends to broaden due to diffusion processes. At the end of the separation, the pH of the sample zone was close to 3, while the HMBA concentration was close to 150 mmol.L -1 . The thorium mobility in this medium is positive (μep(Th)= 1.68×10-5 cm².V -1 .s -1 ), leading to thorium focusing at the concentration boundary, after separation from uranium during the transient step where the pH is equal to 4 in the sample zone.

The results of the simulations were experimentally verified using the electrolyte setup presented in the inset of Figure 4. The injection volume was raised to 5 % of the capillary volume. The focusing of thorium greatly improved the thorium signal by concentrating the thorium contained in a large sample volume, here 5% of the capillary volume into a narrow peak. The results obtained for the separation of thorium and uranium with complexation stacking are presented in Figure 4.

As observed in Figure 4, thorium and uranium were separated with 90 seconds of baseline between the two peaks. Furthermore, thorium was focused at the concentration boundary as a narrow and symmetrical peak, confirming the simulations results.

The optimized conditions were HMBA 500 mmol.L -1 pH 3, HMBA 150 mmol.L -1 pH 4, and HMBA 150 mmol.L -1 pH 3 as the complexing electrolyte, the sample zone electrolyte, and the non-complexing electrolyte respectively, as described in Figure 5. All the results presented in this section were obtained using a synthetic sample with a 1/1 Th/U ratio to develop and optimize the stacking method. The results presented in the following sections were obtained by injecting a HEU sample with a tot U/ 230 Th ratio of about 4×10 5 .

Thorium isotope ratio measurements with CE-MC-ICP-MS and determination of the age of the HEU sample

The second part of this study was focused on the development of a method allowing the precise and accurate determination of the 230 Th/ 232 Th isotope ratio with CE hyphenated to MC-ICP-MS. IRMM-183 was injected before and after the CE separation to determine the mass bias and interdetector gain throughout the analytical session, following the analytical strategy described in Figure 1 (see Materials and Methods section). The repeatability of the mass bias correction was evaluated by measuring the 235 U/ 238 U ratio of the IRMM-183

standard injected during a one day analytical session and corrected for mass bias with the bracketed values. Seven values were obtained and averaged. The results are presented in Table S1. The relative standard deviation of the mass-bias corrected 235 U/ 238 U ratio for the IRMM-183 obtained during a one-day analytical session was 3.1 ‰.

The interdetector gain was simultaneously determined by measuring the 236 U/ 238 U ratio of the IRMM-183, detecting 236 U with a SEM and 238 U with a Faraday cup. The repeatability of the interdetector gain correction was evaluated by measuring the 236 U/ 238 U ratio of the IRMM-183 standard injected during a one day analytical session, correcting for the interdetector gain using the bracketed values. Seven values were obtained and averaged. The results are presented in Table S2. The relative standard deviation of the interdetector gain and of the gain-corrected 236 U/ 238 U ratio were respectively 1.7 ‰ and 2.7 ‰. Trueness was evaluated with the relative difference between the gain-corrected and certified 236 U/ 238 U ratios, which was 0.2 ‰, validating the correction of the interdetector gain using the 236 U/ 238 U ratio of IRMM-183.

Overall, precisions and accuracies obtained with the isotope certified reference material were in the per-mil range rendering possible an accurate determination of correction factors for mass bias and interdetector gain needed for the correction of the 230 Th/ 232 Th ratio measured in the HEU sample-spike mixture.

For age determination with CE-MC-ICP-MS, isotope dilution was performed with four sample-spike mixtures (Mixtures 1, 2, 3 and 4), prepared from two different 232 Th spike solutions and the same HEU sample diluted solution qualified for its 234 U concentration at 22.96 ± 0.07 (U, k=2) µg.g -1 (see Samples and spikes, Materials and Methods section). At least three injections were performed for each sample-spike mixture.

Due to the difference in experimental setups, the voltage, pressure and injection volume were For each injection, the mass bias and gain-corrected 230 Th/ 232 Th ratio was used to determine the 230 Th concentration in the HEU sample using equation [START_REF] Capannesi | Characterization of a suspect nuclear fuel rod in a case of illegal international traffic of fissile material[END_REF]. Measurement uncertainties were calculated using the Kragten method of uncertainty propagation [START_REF] Kragten | Calculating Standard Deviations and Confidence Intervals with a Universally Applicable Spreadsheet Technique[END_REF], expressing the uncertainties as combined uncertainties at k=2. To perform the calculation, uncertainties on the mass bias and gain-corrected 230 Th/ 232 Th ratio were evaluated using the standard deviation of three consecutive measurements.

A summary of 230 Th concentrations obtained for the four sample-spike mixtures along with their combined uncertainty (expressed at k=2) is presented in Table 4. An agreement, within uncertainties, was obtained for all the values, regardless of the 232 Th spike solution used. The relative uncertainty was in the percent range, and originated mainly from the uncertainty for the 230 Th/ 232 Th ratio and from the uncertainty regarding the spike concentration. The combined uncertainties obtained for mixtures 1 and 3 were two times higher than for mixtures 2 and 4, and this higher uncertainty was caused by a more pronounced variability in the measured 230 Th/ 232 Th ratio for mixtures 1 and 3. This variability is not caused by a variation of mass bias or interdetector gain correction factors, as it observed on the raw, uncorrected 230 Th/ 232 Th ratio. It is therefore hypothesized that this variation is purely statistical.

The 230 Th concentration of the HEU sample-spike mixture and the associated uncertainty (expressed at k=2) was calculated for each injection using respectively the isotope dilution equation and the Kragten method for uncertainty propagation [START_REF] Kragten | Calculating Standard Deviations and Confidence Intervals with a Universally Applicable Spreadsheet Technique[END_REF]. The model age of the HEU sample and the associated uncertainty (expressed at k=2) was subsequently calculated for each injection using the 230 Th concentration, Equation 2 (see Materials and Methods section) and the Kragten method for uncertainty propagation [START_REF] Kragten | Calculating Standard Deviations and Confidence Intervals with a Universally Applicable Spreadsheet Technique[END_REF]. A summary of the model ages obtained for the different sample-spike mixtures is presented in Figure 6.

The values obtained for the model production date of the HEU sample for the 12 different measurements were in agreement, within uncertainties, with model production dates ranging from June 15 th 1964 to February 3 rd 1966. The mean model production date was May 31 st 1965, with an expanded uncertainty (expressed at k=2) of 209 days, yielding a relative uncertainty of 1.1 % (expressed at k=2). An increase in the injected quantities for uranium and thorium is needed to reach a per-mil level of uncertainty. This increase could be obtained by further increasing the sample volume above 10% of the capillary volume, and/or by using a wider capillary with an internal diameter of 75 µm. The use of a thorium spike with a more precisely known concentration could also lead to a reduction of the measurement uncertainty.

Nevertheless, the mean model production date agreed, within uncertainties, with the known production date of March 1965 (dashed line in Figure 6), therefore validating the CE-MC-ICP-MS protocol developed in this study. The mean model production date was also in agreement, within uncertainties, with the date obtained with the offline protocol using extraction chromatography and offline measurement by MC-ICP-MS, which was November 8 th 1964 with an expanded uncertainty (expressed at k=2) of 168 days (open circle in Figure 6).

Conclusion

The 

  , [ tot Th]S is the total thorium concentration in the sample, [ tot Th]Sp the total thorium concentration in the spike, mSp and mS the respective amounts of spike and sample, MS the average thorium molar mass in the sample, MSp the average thorium molar mass in the spike, Sp2 the percentage of 232 Th in the spike, S1 the percentage of 230 Th in the sample, and the isotope ratio of the sample-spike mixture measured with CE-MC-ICP-MS.

  adapted for the HEU sample analysis with CE-MC-ICP-MS. The injection volume was raised to 10% of the capillary volume. The optimized electrolyte setup developed previously was used to perform stacking, to increase the signal obtained on both thorium isotopes.The electropherogram of a thorium-uranium separation performed by CE-MC-ICP-MS for a HEU sample-spike mixture is presented in Figure5. The overall separation and focusing observed in Figure4is reproduced in Figure5. Thorium and uranium migration times were however different between Figure4and Figure5due to the change in injection volume, voltage, pressure and CE instrumentation. Thorium and uranium migration peaks were separated by more than 3 minutes and the shape of the thorium peak indicated that thorium was focused at the concentration boundary. The signal obtained for 230 Th was more than 70 000 cps on the SEM, and more than 30 mV for 232 Th on the Faraday cup, allowing isotope ratio determination. The LRS method was used on the transient 230 Th and 232 Th signals to obtain the 230 Th/ 232 Th ratio in the sample-spike mixture.

  234 U/230 Th radiochronometer was used to determine the age of a HEU sample with a novel CE-MC-ICP-MS protocol. Firstly, the CE separation of thorium and uranium in the HEU sample was optimized. The choice of HMBA as an effective electrolyte to carry out the separation was validated. A new complexation stacking protocol using complexation stacking was implemented to obtain a sufficient230 Th signal with the MC-ICP-MS.Secondly, the combination of CE with MC-ICP-MS rendered possible the determination of the 230 Th content of the HEU sample, using IDMS with a 232 Th spike. The CE-MC-ICP-MS protocol gave a model production date of May 31 st 1965 with an expanded uncertainty of 209 days, in accordance with a standard offline protocol and with the known production date of the HEU sample.
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Table 1 -

 1 CE-MC-ICP-MS is an alternative to existing protocols for 234 U/ 230 Th dating, relying on IDMS or LA-ICP-MS[START_REF] Taylor | State of practice and emerging application of analytical techniques of nuclear forensic analysis: highlights from the 5th Collaborative Materials Exercise of the Nuclear Forensics International Technical Working Group (ITWG)[END_REF]. The required time to obtain a model age, a key factor in nuclear forensics, was only a day with the use of CE-MC-ICP-MS and the technique also limited waste production. CE-MC-ICP-MS protocols could be applied to other samples such as plutonium, with the 238 Pu/ 234 U, 239 Pu/ 235 U, 240 Pu/ 236 U and 241 Pu/ 241 Am radiochronometers.The development of CE microsystems that can be directly hyphenated to MC-ICP-MS is also an area of interest, to further simplify the protocols for the age determination of nuclear materials. Experimental setup used for optimizing the uranium-thorium separation with CE-Q-ICP-MS

Table 2 -

 2 Experimental setup used for isotope ratio measurements of the HEU sample with CE-MC-ICP-MS

Table 3 -

 3 Summary of the detector configurations used on the MC-ICP-MS instrument

Table 4 -

 4 230 Th concentrations obtained for the HEU sample Uncertainties expressed at k=2

Table 4 230

 4 Th concentration (ng.g -1 )

		3.4715 ± 0.064
	Mixture	3.5320 ± 0.064
		3.4839 ± 0.064
		3.4622 ± 0.014
	Mixture	3.4499 ± 0.014
		3.4612 ± 0.014
		3.4727 ± 0.061
	Mixture	3.4276 ± 0.061
		3.4998 ± 0.061
		3.4793 ± 0.061
		3.4605 ± 0.022
	Mixture	3.4582 ± 0.022
		3.4527 ± 0.022

,[START_REF] Han | Measurement of the sulphur isotope ratio ( 34 S/ 32 S) in uranium ore concentrates (yellow cakes) for origin assessment[END_REF] 

(Faraday cup) 
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