Advances in nuclear forensics analysis at CEA/DIF: radiochronology studies
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Abstract. In the frame of the Nuclear Forensics, one important analytical development is age dating of uranium materials. Two procedures have been established to date small quantities of uranium (from 1 µg up to 100 µg) with two radioactive chronometers (234U/230Th and 235U/231Pa). As our equipments are dedicated to trace analysis, only micro-quantities of nuclear materials can be handled in the laboratory in order to avoid contamination. So we use small columns of chromatographic resins to separate thorium or protactinium from uranium. Measurements are performed on ICP-MS for Th and Pa and TIMS for U. The detection limit (DL) for 230Th and 231Pa determination is close to 1 fg. The procedures were validated on certified reference material NBS U100. Datation analyses using the U-Th chronometer were also carried out on real-life samples 
1. Introduction
Analytical laboratories at CEA/DIF are part of the NWAL (Network of Analytical Laboratories in support of IAEA's nuclear safeguards) for the analysis of environmental samples since 2001 for both bulk and particle analysis. Part of the expertise inherited from environmental analysis is now used to develop capabilities in nuclear forensics analysis. The production date (or last purification) of a nuclear material is one of the evidence to determine the origin of a material. The date of purification can be obtained by measuring the ratio between one of the isotopes of the element of interest and its radioactive decay product. In the case of uranium, two couples daughter/parent are currently used: 234U/230Th and 235U/231Pa [1-4]. The calculated production date is estimated with the following equation (1):


(1)[image: image1.emf]                           


where (p and (f are the decay constants of parent (234U or 235U) and daughter product (230Th or 231Pa), Nd/Np is the atom ratio of daughter over parent and t the time elapsed since the last purification of the material.
Fifty years after its last purification, a quantity of 10 (g of natural uranium produces only 100 fg of 230Th and less than 5 fg of 231Pa. The difference in the abundance of 231Pa compared to the abundance of 230Th is due to the longest half life of 235U (7.0381(108 ( 0.0048(108) compared to 234U (245 250 ( 490 years). For “young” materials, the Th/U chronometer is more relevant except for large samples (>10 mg), or highly enriched uranium. Moreover, Pa chemistry is complicated to implement, and it is difficult to get 233Pa for Pa quantification. This explains why the U/Th chronometer is more wide-spread than the U/Pa. The use of two different chronometers is useful for material incompletely purified (ie material produced remaining trace amount of Th or Pa).
In this paper we describe the chemical protocols developed in the laboratory and we show and discuss the results obtained for a reference material and for real samples. 
2. Validation of the methods with reference material

2.1. Chemical purifications

Uranium, thorium and protactinium were quantified using isotopic dilution, adding known amount of 233U for uranium (IRMM, Geel, Belgium), 229Th for thorium (AEA Technology, Harwell, UK) and 233Pa for protactinium (home made from 237Np solution [5]). U measurements were performed by TIMS (Triton, Thermofisher), whereas Th and Pa measurements were performed by ICP-MS (Element XR, Thermofisher).
All acids used were of ultrapure grade (Merck, Darmstadt, Germany).

The uranium material was dissolved in 8M HNO3 and separated in two sub-samples A and B. The A sample was used for U/Th purification. 229Th was added to the solution, and an aliquot was taken for 233U tracing, evaporation and direct U measurement by TIMS. The remaining A solution was evaporated, and residue recovered in 9.5M HCl and injected in 100 (L AG1X8 microcolumn [6]. Thorium was eluted with 9.5M HCl, then uranium was eluted with 1.2 mL 2M HNO3. This U fraction can be kept for high precision U isotopic measurement but not for U quantification. The Th fraction was analyzed with ICP-MS.
The B sample was evaporated to dryness and taken up in 9.5M HCl. 233Pa was added to the solution, and an aliquot was taken for 233U tracing, evaporation and direct U measurement by TIMS. The remaining B solution was introduced on a AG1X8 3.5 mL column, and Pa was eluted with 9M HCl + 0.05 M HF mixed solution. Pa measurements were performed with ICP-MS.

2.2. Validation of the protocols
The certified reference material NBS 100 was analyzed four times with each method in order to validate the protocols. The quantity of uranium used for 234U/230Th chronometer was between 4 (g, whereas we used 300 to 600 (g of uranium for the 235U/231Pa chronometer.  The size of the samples has been limited in order to avoid any contamination of the laboratory that is dedicated to trace analyses. 
Model ages were calculated according to Eq. (1) for each replicate and a model date was estimated. Results were compared to the date of purification given by (7(. They are shown in Figures 1 and 2. Whatever the chronometer used, results are all consistent with the reference date. Experimental uncertainties were mainly due to the small quantities of 230Th and 231Pa in the samples. To reduce measurement uncertainty, the stability and sensitivity of the ICP-MS used for thorium and protactinium measurement would have to be improved or carried out with an instrument with lower detection limits.
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FIG. 1. Calculated purification date for the reference material NBS U100 with the U-Th chronometer
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FIG. 2. Calculated purification date for the reference material NBS U100 with the U-Pa chronometer
3. Tests on real samples

As for a real nuclear forensic investigation we applied the datation method based on the 234U/230Th chronometer to 6 debris of uranium metals collected at the same place, in order to determine if the samples are of the same origin or not. Each fragment was lixiviated with 8 M HNO3. This method limits the contamination risks due to a complete dissolution of the sample so that the quantity of U handled was kept as low as possible. The same protocol described in the previous section was applied to each sample. All samples are depleted uranium, but with two distinct 235U/238U isotopic compositions. This is partly in agreement with the production date of the uranium in the samples (Fig. 3). At least two different origins maybe three according to isotopic measurements can be expected according to age of the samples.

Other analytical methods would be useful in order to make a more complete investigation on such sample.
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FIG. 3. Results of age dating and 235U/238U isotopic measurements carried out on U debris
4. Conclusion

We developed and validated two methods based respectively on the 234U/230Th and 235U/231Pa chronometers in order to determine the production date of various U materials. These methods have been validated with the Uranium isotopic standard NBS U100. These methods were designed for application to limited amounts of uranium, in the µg range for the 234U/230Th chronometer and in the 100s of µg for the 235U/231Pa chronometer. The 234U/230Th method has been applied to 6 uranium samples. The production date obtained shows clearly at least two different origins. These results combined with uranium isotopic composition help in ascertaining part of the history of the material. 
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