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In the framework of nuclear facilities dismantling, there is a strong need to obtain accurate analytical results on remaining radioactivity on different solid materials (concrete, metal, …). On the basis of various commercial developments dedicated to biological researches, the Digital Autoradiography method has already been used for different real characterizations of nuclear wastes. Different developments have proved the efficiency of the Autoradiography Technique but drawbacks have been identified and the industrial research project MAUD has proposed several innovative solutions to improve the use of the autoradiography technique for characterization.

Introduction

During the dismantling of nuclear facilities, and after extensive historical researches, stakeholders are always facing a high demand of characterizations (destructive and nondestructive) to ensure the safety and security of workers and to guide nuclear wastes up to the appropriate repository. Detection of gamma emitters in situ with nondestructive techniques appears generally feasible but alpha and beta characterizations on solid is far less obvious. In particular, to provide new techniques coming from other domains of research [START_REF]Handbook of radioactivity analysis[END_REF], the autoradiography has been tested to provide efficient way to characterize alpha and beta emitters on solid matrices. Researches on the Autoradiography technique are still ongoing at CEA for decommissioning [START_REF]MAUD industrial national project[END_REF]. Initially developed for biological application where H-3 and C-14 are mainly used as tracers, the autoradiography has shown high potentialities as a nondestructive technique for decommissioning. Various applications can be highlighted to address this particular issue: -to provide an image of radioactivity and thus improving the sampling processes, -to obtain surface mapping of remaining radioactivity and -to obtain information on contamination in depth. The Research conducted at CEA aims at showing real examples of all the potentialities of the Autoradiography techniques.

The Autoradiography Technique

The Autoradiography, a nondestructive technique providing nuclear measurements, has been developed for several years by the Laboratory of Analysis and Operators Support at the French Atomic Energy Commission. Autoradiography refers to a radiation detection technique where the radiosensitive material is exposed to a radiation (, , , X, neutrons) of an unknown source of radioactivity to analyze, in order to evaluate its activity, and to locate it. It exists different devices to provide Autoradiography images [START_REF]Handbook of radioactivity analysis[END_REF], by gas detector, by specific camera detectors, but for this work at the very beginning of dismantling facilities investigations, the autoradiography using phosphor screens (also known as imaging plates or films) has been developed (Figure 1). The radiosensitive material (Figure 1) is deposited on a two-dimensional flexible screen (size 12.5 cm * 25.2 cm), whose blue or white (Figure 1) surfaces exposed to ionizing particle are risen to an electronically metastable state. The blue or white covers are composed with the same radio sensitive material BaF(Br,I):Eu 2+ . The difference between these two screens is a plastic cover which protects the white screen. The blue screen is dedicated particularly to tritium, the radiosensitive material (blue color) is deposited directly on the surface of a solid waste to investigate.

Figure 1: Phosphor screens used for autoradiography measurements

The phosphor screen technique (Figure 1) was commercialized in the 90s but for biological studies. The main steps of the use of these screens are depicted in Figure 2. Screens can be reused several times if not contaminated. The screen is initialized by a strong bright light during a couple of minute. Then the screen is deposited on a surface to investigate the potential radioactivity. The exposure time is difficult to set because it depends on the activity and the nature of the radionuclide investigated. For dismantling application, this exposure time can vary from several minutes to several days. The screen is kept as much as possible in light tight storage. The raw data obtained by autoradiography technique correspond to the visible image of the surface potentially contaminated by radionuclides. The image is obtained by a laser scanner (Cyclone Plus, Perkin Elmer, Figure 3). After the exposure time, the surface of the screen is swept by a laser. The laser (continuous red laser) is focused on small areas of the screens and the mechanism of the scanner allows to investigate the whole screen surface of the screen with a resolution of several tenth of microns (typically 40 µm). The description of the mechanism induced on Europium, composing the screen, by the radioactivity is explained in Figure 3B. The screen in contact with radioactivity keeps the Europium in a metastable state. The laser excites this state and a visible photon from an unstable state is immediately emitted. In each surface analyzed by the laser a PMT tube records the photons due to the radioactivity that was in contact with the screen surface. The laser stimulation produces very rapidly (around 2 minutes, for a spatial resolution of 169 µm and approximately 10 6 pixels) a high resolution image (Figure 4) showing the location of the radioactivity that was in contact with the screen.

(A) (B) Figure 4: Images corresponding to the radioactivity measurement (A) compared to a typical background (B)

In Figure 4 (A) a large spot of radioactivity can be easily observed (here in color but it could be represented also in grey gradient) whereas in Figure 4 (B) the lack of radioactivity observed by the screen can be validated by a homogeneous grey color. The color scale displayed in Figure 4A is linearly proportional with the radioactivity value (4).

Improvement of sampling processes by Characterization with Autoradiography

The scaling factors technique is widely used to characterize nuclear wastes. This technique allows to declare, to the authority in charge of waste management, a measurement of contamination by nuclides difficult to measure using those (mainly gammas) that can be remotely measured. The determination of these scaling factors can be very hard. To address this issue, destructive analysis in dedicated laboratories are required, but collecting about 1 g of representative wastes on a whole waste drum as an example can be a real problem (example in Figure 5).

Figure 5: Difficult Sample collection of nuclear wastes

Autoradiography can be used to assess this problem because it provides an image of radioactivity on surface materials (an example in Figure 6). The radioactivity observed here (Figure 6) by the technique of imaging plates used for Autoradiography, appears in black whereas the lack of radioactivity appears in white. For the effectiveness of a destructive analysis requiring only 1 g, it is therefore interesting and very easy to use the autoradiography technique to improve the sampling efficiency. One must pay attention in the result presented in Figure 6, because due to the software of the laser scanner, the autoradiography image is flipped. Moreover for this types of tries, because the screen can be reused thousands of times, the autoradiography produces very little waste. The only waste produced is the screen. 

Contamination mapping

To obtain an evaluation of the residual of radioactivity on a concrete floor, it is possible to use batches of imaging plates (Figure 7) to reconstruct an image of various contaminated locations of a facility being dismantled. In Figure 7, screens are not deposited side by side but in a large grid in order to allow a large area investigation and a time saving. The idea was also to use this type of grid to allow the potential recognition of spot of radioactivity with a certain size: exciding around 20 cm 2 . By using efficient software that implements geostatistical calculations (3), the autoradiography technique can provide contamination mapping of different radionuclides and even tritium (Figure 8). The Kartotrak TM software is able to calculate, by using a geostatistical method, with raw data a variogram function that represents the mean effect of all the neighbors to calculate the radioactivity value of an individual point on the concrete surface. The kriging process is based on assumptions and particularly that all radioactivity spots can be clearly observed by autoradiography measurements in this case.

Contamination in depth

Regarding potential contamination that can be found in nuclear facilities during their dismantling, it is very difficult to find techniques for assessing the depth of contamination. This is highly problematic particularly for alpha and beta emitters. Following the realization of a core sample, autoradiography technique can also provide an efficient way of characterizing potential contamination in depth. As an example, Figure 9 shows an example of a result obtained for a cut concrete block. The color appearing in the left part of the block corresponds to the contamination in depth of Cl-36. This application highlights the potentiality of the technique to measure very quickly the contamination in depth of some radionuclides. That can be a very efficient technique to test the efficiency of different barriers used for nuclear wastes repository. 

Image of Cl-36 contamination in depth

Another interesting application of measurement by autoradiography is displayed in Figure 10. A core sample containing irradiating radionuclides (typically Cs-137) is deposited during few minutes on a screen. The core was wrapped by an aluminum foil to prevent any potential contamination. In this case the result obtained (Figure 10B) clearly shows two spots. This very rapid investigation of core sample could be a very efficient way to collect effective samples for destructive analysis. 

Conclusion

Autoradiography characterization is being developed to evaluate its potentialities as an in situ and nondestructive method to measure alpha and beta radionuclides that must be characterized in dismantling facilities. Great care is needed in these developments because autoradiography is also sensitive to all types of radioactive emitters and in particular gamma. Digital autoradiography producing images is a quantitative, non-destructive, and inexpensive method for the localization of radioactive contamination on different surfaces of facilities being dismantled. It is compliant with most requirements in such a context (very few constraints, minimal exposure of operators, neither production of wastes nor transport of radioactive materials). While traditional wipe tests for beta emitters characterization can only detect removable contamination, digital autoradiography detects both fixed and removable contamination. Autoradiography has high potential to improve sampling processes.

In addition, it provides 2D images enabling accurate localization of the potential contamination even in facilities with large areas. However, for a large area investigated, the number of images is huge, requiring a mapping method to compare results and also to extrapolate data without actual measurement. The use of a Geographic Information System (GIS) with a geostatistical method is a very efficient way to locate and compare the radioactive spots observed by the Digital Autoradiography Technique. The image obtained by the technique can allow the evaluation of the contamination in depth.

The imaging plate technique to obtain autoradiographs has proven to be very efficient, but some improvements has to be provided, that are currently studied with the MAUD industrial project considering other type of detector for autoradiography.
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 2 Figure 2: Methodology to use and reuse phosphor screens for activity measurements.
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 3 Figure 3: Laser scanner (A) used to extract information after screens deposition and to obtain an image of radioactivity. (B) Physical mechanism of the measurement involving Eu.
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 6 Figure 6: Real image of typical plastic waste (left)analysis by autoradiography (right)
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 7 Figure 7: Batch of imaging plates (black rectangles) deposited on potentially contaminated concrete surface of a shutdown nuclear facility.
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 9 Figure 9: autoradiography image obtained on a concrete surface contaminated in depth by Cl-36 radionuclide.
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 10 Figure 10: Contamination in depth obtained after investigation by autoradiography technique on a concrete core.
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