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INTRODUCTION

The radioisotope chlorine-36 ( 36 Cl) might potentially be discharged from waste incinerators on Magnox or AGR (Advance Gas Cooled) nuclear reactor sites. In a reactor, the 36 Cl is produced unintentionally as a result of neutron activation of stable 35 Cl which is present in the materials of the reactor. Nuclear power stations may emit typically up to 1 GBq of 36 Cl per annum from incineration of the power station waste streams. The exact emissions depend of course on the scale, the type and the operating licence of the power plant. 36 Cl is a low energy β-emitter with a half-life of 3 x 10 5 years. It has high mobility in many environmental conditions but also a high uptake into plants. If it is taken-up by food crops or by foods growing wild, then there is the potential for human exposure via the diet. This could include milk from cattle grazing on affected land or wild berries growing nearby. 36 Cl has the potential to give reasonably high doses of radioactivity to consumers if present in appreciable amounts in foods. Radioactivity, like any other chemical hazard present in food, needs to be monitored to ensure that food safety is not compromised and consumers are adequately protected.

Limited and provisional results [FSA 2002;[START_REF]Review of FSA research programmes on radiological protection[END_REF] have suggested that 36 Cl may be present in milk, blackberry and raspberry samples and that there might be higher than expected dietary exposure to this isotope for a susceptible group of the population such as infants. Milk is important because it is a dietary staple. Food surveys have shown that people can collect and eat large quantities of foods from the wild, including blackberries, mushrooms, nuts and elderberries and they may be stored or frozen to eat throughout the rest of the year after seasonal collection. Given the relatively large amounts of these particular foods that might be consumed, there is the potential that even small concentrations of 36 Cl might result in significant doses. However, the initial data [FSA 2002;[START_REF]Review of FSA research programmes on radiological protection[END_REF] were collected using scintillation counting method.

Interpretation of the results was limited by the poor sensitivity of the scintillation counting method that had a detection limit estimated to be about 5 to 10 Bq/kg.

A method has been more recently described for the determination of 36 Cl in nuclear waste from reactor decommissioning [START_REF] Hou | Determination of 36 Cl in nuclear waste from reactor decommissioning[END_REF]. This method uses scintillation 3 counting and although was only described for more intractable material such as steels and graphite, it would translate to a detection limit of below 100 mBq/kg if it were transferred to materials such as milk or blackberries, since it would be able to handle relatively large sample amounts. This would be roughly equivalent to the limit of detection in the method described here using AMS.

Because of the long half-life and therefore the relative infrequency of a radioactive decay event for this isotope, decay counting techniques have poor sensitivity. AMS is a nuclear physics technique that can be up to one million times more sensitive than decay counting methods for long-lived isotopes. The easiest way to view AMS is to regard the instrument as an atom counter, simply separating elemental isotopes on the basis of their mass, charge and momentum. 36 Cl has been measured by AMS in samples including meteorites, radioactive waste and Arctic ice cores [START_REF] Synal | 36 Cl measurements at the Zürich AMS facility[END_REF]. A sensitivity of 3

x 10 -15 was reported by these authors, i.e. three 36 Cl atoms in 10 15 normal chlorine atoms.

The main problem in measuring 36 Cl by AMS is the potential interference by sulfur-36 ( 36 S) which is an isobar of 36 Cl. An accurate measurement of sulfur was therefore required to allow its contribution to the mass-36 channel to be subtracted. In turn, measurement of 32 S, the most abundant isotope of sulfur, had to be resolved from interferences produced from dioxygen, O 2 , which has the same approximate mass.

In the work reported here we have simplified the analysis by reducing the inference from sulfur by analytical chemical separation prior to the AMS analysis. Also, we have used the mass resolution offered on the AMS instrument to separate 36 Cl from any low level of 36 S remaining in the silver chloride (AgCl) target material produced. This project thus aimed to confirm or refute the earlier data [FSA 2002 and[START_REF]Review of FSA research programmes on radiological protection[END_REF] and also to provide a sensitive and specific method for monitoring 36 Cl in the environment and food chain. Although there is no formal limit for 36 Cl in food, an occupational limit has been set by the US Nuclear Regulatory Commission. The annual limit on intake is 2 mCi (74 MBq) for oral ingestion and 200 µCi (7.4 MBq) for inhalation. The limit of 74 MBq per year is 0.2 MBq per day. Assuming a worst case that a person consumes 2 kg of food or beverage each day, a detection limit of 1 Bq/kg food would correspond to an exposure 100,000-times lower than the occupational limit.

With a half-life of 3 x 10 5 years the specific activity of 36 Cl is 1.22 x 10 9 Bq per gram.

One Bq is one disintegration per second. So whilst a level of interest around 1 Bq/kg or lower is clearly beyond scintillation counting methodology, it equates to a concentration of 0.8 ng/kg or about 1 ppt which should be within the sensitivity range of the AMS approach.

EXPERIMENTAL

Materials and methods

Preparation of the samples was carried out using a Colworth Stomacher Laboratory Blender 400 and a Perkin Elmer 'Multiwave' microwave digestion system fitted with 50 ml quartz vessels. Plastic materials, e.g. polypropylene, polyethylene or fluorinated ethylene-propylene were used in all experiments. Concentrated reagents were stored in fluorinated ethylene-propylene bottles. All plastic items were cleaned with dilute detergent, then soaked in dilute acid before a final thorough rinse with deionised water.

All reagents used in this study were of the highest purity commercially available. Subboiled 'Ultrapur' nitric and hydrochloric acids plus 'Aristar' ammonia, sodium chloride and silver nitrate solution were obtained from BDH/Merck, Poole, Dorset UK.

Deionised water (18 MΩ) was produced using a Millipore MilliQ Plus filtration system.

A certified reference 36 Cl standard SRM 4943 was obtained from NIST, Gaithersburg, USA.

Samples

Samples of blackberry (3) and milk (5) were taken from close to two potential sources of 36 Cl located in the UK. One was a Magnox power station and the other was a AGR power station. Control samples of blackberry and milk were obtained locally in the York area. 

Preparation of samples

Blackberry samples were homogenises thoroughly using the bender. The blackberry and milk samples were then freeze-dried. Milk gave an average of 12.7% dry mass and blackberries gave an average of 18.6% dry mass.

Sample pre-treatment

Acid digestion. Prior to the analysis of food samples, the quartz vessels were thoroughly cleaned by addition of 5 ml concentrated nitric acid, then heated in the microwave oven (conditions described below). The vessels were then rinsed thoroughly with deionised water. An portion of test material (0.5 g dry wgt) was placed into the quartz digestion vessel followed by 5 mL of concentrated nitric acid and then heated in the microwave oven to produce a complete digestion. The apparatus was loaded with 6 vessels and the operating pressure was 75 bar. The heating power and times applied at fan setting #1 were; 0 to 500W over 2 min and held for 5 min; 500 to 1000W over 2 min and held for 20 min; zero W for 15 min to cool at fan setting #3. The cool digests were transferred to centrifuge tubes (30 ml, Oak Ridge, polypropylene). The quartz vessels were rinsed with a further 5 ml water and this was added to the digest. Five digests of each sample plus a reagent blank were completed in each digestion run.

A 1.095 Bq/g solution of sodium chloride in water (SRM 4943, NBS, Gaithsburg, USA) was used to prepare a set of calibration standards. From serial dilution of SRM 4943 a set of six standards covering the range 0.0000243 to 2.43 Bq at order of magnitude intervals was prepared in centrifuge tubes containing 10 ml nitric acid (50 %v/v). Each standard was prepared in triplicate.

Chloride precipitation. The natural level of chloride present in blackberries, blanks and standards was insufficient for the minimum amount of target material required. To achieve sufficient precipitate, all samples and blanks were fortified with 1 mg chloride (1 ml of 2.54 mg/ml sodium chloride solution). Standards were fortified with 5 mg of chloride (1 ml of 12.7 mg/ml sodium chloride solution).

Each tube was vortex mixed to create a swirl of the contents and silver nitrate solution was quickly added (3 ml, 10 mg/ml) before the swirl ceased, in order to create a uniform precipitate. The tubes were capped, centrifuged, and the supernatant carefully poured off. The tube was then slowly filled with pure water, which was used to wash the precipitate. Between all manipulations the tubes were stored in the dark to minimise any interaction with light.

The precipitate was re-dissolved in ammonia solution (1 ml, s.g. 0.91), water was added (10 ml) and the solution was then re-precipitated with concentrated nitric acid (1 ml) after vortex mixing. The precipitates were again centrifuged, rewashed, then dried overnight in an air circulating oven (80 °C). Finally, the precipitate was pressed into the AMS target for measurement.

AMS measurements

The AMS instrument and operation has been previously described in detail [START_REF] Lappin | Biomedical Accelerator Mass Spectrometry[END_REF] Ion Source. A caesium sputter negative ion source was used whereby a caesium ion beam sputtered negative ions from the cathodes, which were extracted at 68 kV. The ion source and injector were set up using the standard setting for 14 C. The source wheel was loaded with a selection of cathodes with a range of 36 Cl contents.

Injector magnet. To ensure that the ion source was producing the required Cl beam, the injector magnet was set-up using 35Cl beam . Prior to the injection magnet, an electrostatic voltage was applied which was "bounced" sequentially, injecting m/z 37, 36 and 35 into the injector magnet. The "bounce" times were 1 ms, 100 ms and 1 ms for 37 Cl, 36 Cl and 35 Cl respectively. With the 'bounce' voltage set to zero the field was optimised for 35 Cl by maximising the current measured on the low energy Faraday cup and centred on the low energy beam scanners. The magnet was adjusted to allow the 37 Cl beam to go into the low energy Faraday cup and to centre it on the low energy beam scanners. The values obtained were checked to ensure that they were in the correct ratio for 35 Cl/ 37 Cl. Analyser magnet and high energy beam line. The 37 Cl beam was accelerated, using foil stripping and a terminal voltage of 5 MV. The analyser magnet was set for 40 MeV 7 + 37 Cl ions and the magnet and other high-energy beam line elements were optimised to maximise and centre the beam in front of the detector. These settings were checked by scaling them for 6 + and 8 + ions and the values of the beam currents for 6 to 8 + ions measured using the Faraday cup immediately after the analyser magnet.

Initial Detector set-up

A gas ionization detector was used using 10% methane in argon as the ionization gas mixture. Ionised atoms entering the detector were counted against individual channels.

With the injector and analyser magnets set for 40 MeV 7 + 36 Cl ions the detector parameters were changed to optimise the pressure and amplifier gain to give the best separation of the 36 S and 36 Cl ions.. The change in energy divided by the total energy as recorded in the gas ionization detector was recorded as a spectrum.

Adjustment of the off-axis Faraday cups. With the injector magnet set to pass 36 Cl, the position of the low energy offline Faraday cups were adjusted as follows: the output signal from the ' 27 Al' Faraday cup was fed to an oscilloscope input, set to DC coupling and the position adjusted to just intercept the beam at one edge, the position was recorded. The cup was moved further in the same direction until the beam just moved off the other edge and this position was also recorded. The cup was then set to the midpoint of these two settings which should centre the 37 Cl beam in the Faraday cup when the 36 Cl beam was transmitted through the injector magnet. The ' 13 C' Faraday cup position was adjusted in the same way to record the 35 Cl beam. With the analyser magnet set to pass 40MeV 7 + 36 Cl ions the high-energy off-axis Faraday cups were set using the same technique as for the low energy ones.

The results of these procedures were that: a) When the 36 Cl was transmitted through the accelerator the 37 Cl was incident on the low energy ' 27 Al' cup and the 35 Cl on the low energy ' 13 C' cup, b) When 37 Cl was accelerated it would be collected in the high energy ' 27 Al' cup, c) When 35 Cl was accelerated it would be collected in the high energy ' 13 C' cup. The ' 12 C' Faraday cups were not used for the 36 Cl measurements. The ' 27 Al' Faraday cups were fed through the ' 12 C' Faraday cup electronics by swapping the leads. The software was originally configured for carbon analysis, thus the 37 Cl/ 35 Cl ratio was recorded by the software as the 12 C/ 13 C ratio.

Setting up injector bounce voltages. To enable fast sequential measurement of the 35 Cl, 36 Cl and 37 Cl content of each cathode it was necessary to optimise the low energy bounce voltages. These enable each isotope to be accelerated in turn without making changes to the magnetic elements such as the injector and analyser magnets.

For 36 Cl, the bounce sequence was that 37 Cl was injected with zero bounce voltage and the 36 Cl and 35 Cl were bounced into the accelerator using suitable +ve bounce voltages.

The injector magnet was adjusted to pass 37 Cl with the bounce voltage set to zero (i.e. VCReg0=0). To set the bounce voltage for 35 Cl the injector magnet was left set for 37 Cl and the VCReg2 voltage adjusted until 35 Cl entered the accelerator. To set the bounce voltage for 35 Cl, the injector was left set at the value for 37 Cl and the VReg2 bounce voltage increased until the 35 Cl beam entered the machine and was accelerated. This setting of VReg2 would then bounced 35 Cl into the accelerator when the injector magnet was set for 37 Cl.

As the 36 Cl beam was too weak to be measured directly with a Faraday Cup, the same procedure could not be adopted when setting its 'bounce' voltage. The following procedure was therefore adopted; the injector was scaled by the ratio (37/36) 1/2 , this moved the 37 Cl beam by the same amount as the 36 Cl beam would be moved when the 37 Cl was transmitted through the injector magnet. The VReg1 control was adjusted to bring the 37 Cl back through the accelerator. The setting for VReg1 then bounced 36 Cl through the accelerator when the injector was set for 37 Cl. Also for this bounce voltage, the 37 Cl beam would go into the " 27 Al" cup and the 35 Cl into the " 13 C"cup. 

RESULTS AND DISCUSSION

The AMS required a suitable target material e.g. silver chloride to be prepared from the original foodstuff. A pre-requisite for the final target sample was that at least 2 mg AgCl was required and sulfur contamination had to be kept to less than one part per million. [START_REF] Parry | Radiochemical methods in nuclear waste management[END_REF] determined the chlorine content in reactor materials (cast iron, steel and stainless steel) by neutron activation of the metals to form 38 Cl, dissolution in nitric acid, precipitation as silver chloride with one methanol wash before gamma-ray spectrometry of the 38 Cl. Similarly, [START_REF] Chant | I-129 and Cl-36 concentrations in lichens collected in 1990 from three regions around Chernobyl[END_REF] used a simple silver chloride precipitation followed by AMS measurement to test lichen samples taken from around Chernobyl. The samples were combusted in an oxygen stream, the gases trapped in water, chloride precipitated as silver chloride and the precipitate measured by AMS by determining the ratio of 36-Cl to 35/37-CL (in the range 3 to 100 x 10 -12 ) and determining total chloride independently using IC and NAA. The lichen samples were in the range 1.6 to 82 milliBq/kg.

In method development work here, the sulfur concentration in the silver chloride target materials produced was measured using ICP-MS (data not shown). By using a double precipitation technique the sulfur concentration was reduced low enough to allow measurement by AMS without the need to correct for sulfur contamination measured independently by ICP-MS. The isolation and purification scheme used is shown in Figure 1.

Standards

The AMS resolved 36 Cl from 36 S present as an impurity. Figure 2 shows the AgCl calibration standards. The peak centred on channel number 28 is due to the 36 Cl ions and the peak centred on channel number 33 is 36 S that has not been removed completely.

The reason for the distortion at channel 36 is not known but it is of no consequence.

There is good resolution of the two peaks and at the low level of sulfur achieved it presents little interference. To minimise further any interference in determining the lowest levels of 36 Cl it was quantified as the sum of counts in channels 25 to 28. This means, not using channels 29 and 30 which although they do contain some signal from The results for the calibration standards are shown in Table 1. Also shown in this table is the current counted for the natural 37 Cl isotope. It can be seen that the AMS failed for one of the standards which no 37 Cl current was observed, most probably because the sample was not mounted into the AMS target holder adequately. Otherwise, the 37 Cl current was very consistent for the standards (Table 1). However, for the different batches of samples the current was seen to vary indicating variation in the ionisation process. Therefore the 36 Cl counts were normalised against the 37 Cl current. The calibration line for the standards is plotted in Figure 3.

Fortified Samples

No certified reference food materials with a value for 36 Cl were available. The microwave-assisted acid digestion was conducted in a sealed container, and it was unlikely that chloride would be lost during this stage of the experiment. All digests were clear solutions, which gave a good indication of the thoroughness of sample digestion.

Figure 4 shows the samples of milk and blackberry fortified with activity of 0.005 and 0.0005 Bq along with a reagent blank. The 36 Cl can be clearly seen, centred at channel 28. The level of activity is detectable at the lowest level and can be clearly distinguished from the blank. Since the target material is the silver chloride precipitate from a 4.1g (milk) or 2.8g (blackberry) fresh weight specimen of food, the fortification levels of 0.0005 and 0.005 Bq are equivalent to 0.12 and 1.2 Bq/kg food for milk and 0.17 and 1.7 Bq/kg for blackberries.

Samples

Figure 5 shows the AMS traces obtained for the unspiked milk and blackberry samples.

The spectra shows evidence of only one peak. There is no evidence of a peak centred around channel number 28 due to 36 Cl ions. The single peak centred around channel number 33 is due to 36 S. Plot of the number of counts versus the channel number recorded on the AMS Gas Ionization Detector as determined for calibration standards (0, 0.5, 1.5, 3, 5, 30 and 300 mBq in 5 mg chloride as AgCl precipitate). The peak around channel number 25 was 26 S and the peak around channel 34 was 36 Cl. 

  these channels would be most prone to interference from the leading edge of the 36 S peak when measuring 36 Cl at very weak signal levels.

  Figure 1. The sample preparation procedure used

Figure 4 .

 4 Figure3. A calibration line constructed from single analyses of 36Cl standards plotting the amount of 36Cl in mBq in 5 mg AgCl precipitate against the counts recorded in the AMS Gas Ionisation Detector.
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CONCLUSIONS

A method for the determination of 36 Cl in foods using AMS has been developed. The instrument used in this study was a 5 million Volt AMS. The main problem to overcome was the potential interference of 36 S and a method was developed to reduce the sulfur by chemical purification (double-precipitation as silver chloride) prior to the AMS analysis. The AMS method was much more sensitive than standard decay counting techniques, unless it is possible to transfer the method described by [START_REF] Hou | Determination of 36 Cl in nuclear waste from reactor decommissioning[END_REF] to use for foods. For a 3 to 4g fresh sample weight the detection limit is around 0.1 Bq/kg. The method was rather imprecise at levels below 1 Bq/kg. The method was tested using a few samples of milk and blackberries gathered from near two nuclear power stations as potential source. The method clearly detected samples spiked at 0.12 Bq/kg (milk) or 0.17 Bq/kg (blackberries) and there was no 36 Cl detected in the unspiked samples.