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Abstract

The development of fast neutron assay of low radioactivity samples collected from Dounreay decommissioning site is described, the development aims to identify a plutonium detection limit with neutrons. To inform the neutron measurements, a greater analysis of the chosen samples is presented.
Analyses used were fast neutron counting, gamma spectrometry and accelerator mass spectrometry. Analysis showed that fast neutron detection can distinguish samples at a radioactivity of approximately 1 Bq/g of 240Pu origin from samples at background levels of natural uranium radioactivity.
Further, AMS and gamma spectrometry has showed that the Dounreay samples are consistent with the global fallout averages for the main plutonium isotopes 239Pu, 240Pu, 241Pu, and 242Pu. The 240Pu/239Pu ratio measured in this research is lower than average however for most Dounreay site samples, leading to a conclusion that this 240Pu/239Pu ratio is symptomatic of the Dounreay site hosting breeder reactors, which could boost the levels of 239Pu in comparison to 240Pu.
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Chapter 1
1. Introduction
Soil is a complicated matrix of various materials. It is host to many individual interconnected chemical processes dependent on the environment, elevation, water content, and so on.
For several decades, globally, soil has been subject to trace, ubiquitous deposition of anthropogenic nuclear materials including, and most importantly in this thesis, plutonium [1]. Anthropogenic deposits also arise in smaller localities, generally as a result of nuclear energy generation, accidents or the site of nuclear tests [2].
Deposits of radioactive material are subject to various reactions within the soil matrices that are still not fully understood. Such reactions affect transport through soil, sorption to soil media, and the formation of new compounds [3]. All of these influences complicate the identification, measurement and extraction of such material.
Dounreay Site Restoration Ltd. (DSRL), as the managing company of Dounreay - an end-stage decommissioning site that is host to these issues - are interested in the analysis of soils on site to identify plutonium level measurement limits. Levels of plutonium on site will then determine the actions taken, with regards to discerning what might have derived from site activities, to such a degree that the land fits the ‘End State’ as discussed in the Nuclear Decommissioning Authority Report: “Site End State Definition Process” [4].
This thesis describes a research project focussed on a bespoke method for analysing soils from Dounreay to identify plutonium at a specific activity level of 0.01 Bq/g.
The developed method must be efficient and cost-effective to improve upon methods already employed at the Dounreay decommissioning site. Fast neutron counting was chosen due to its recent advancements, particularly advances in the ability to process digital signals at an increased rate which now allows accurate, real-time neutron counting [see for example [5]. The real-time aspect of the counting method provides a great benefit to the research project’s methodology as it allows the analysis to be monitored continuously without ending measurements, potentially in-situ and for extended periods. The choice of fast neutron counting rather than thermal neutron counting stems from the greater penetration exhibited by fast neutrons compared to thermal neutrons. This greater penetration allows the analysis of much larger sample sizes than usually seen. Conventionally, when carrying out radiometric analysis of samples it is more desirable to analyse small sample masses to reduce the likelihood of attenuation within the sample, and therefore increase the probability of the radiation event making it to the detector for measurement, and is certainly the case when detecting thermal neutrons. Fast neutron detection is less inhibited by this principle, due to the low likelihood of these neutrons to be captured within the sample thanks to their greater kinetic energy. Due to the low efficiency of detection of fast neutrons, the methodology proposed would rely on longer counting times than those seen in thermal neutron detection to achieve significant statistics.
The following thesis documents results that present the potential for a new standard for the analysis of actinide content of Dounreay soils.


1.1. Radioactivity in the Environment
The largest challenge involved in this thesis is that concerned with distinguishing material associated with on-site activities from natural radioactive material and that of other anthropogenic origin. The challenge stems from the presence of ubiquitous anthropogenic material, generally originating from fallout, and the high natural uranium abundance in the area. This introductory chapter aims to discuss the differentiation between anthropogenic and naturogenic material, along with presenting some prior art of radionuclide detection methods including current industrial and research methods in use for such purposes; a brief history of the Dounreay site and the current pressing objectives of Dounreay Site Restoration Ltd. (DSRL) relating to this aspect of site closure.
All radioactive material found in nature can be characterized as naturogenic or anthropogenic. Some naturogenic material is primordial, i.e., it was formed with the Earth and is found, to a greater or lesser extent, throughout the Earth’s geology. This material has since changed in composition and distribution due to radioactive decay, but also in the production of heavier atoms in areas of high levels of nuclear material, dubbed natural nuclear reactors, where enough material was present in a location to undergo a sustained fission reaction. An example of such a reactor has been found in Gabon, Africa and thought to have been active two billion years ago, as described for example by Gauthier-Lafaye et al., (1996). Many other areas play host to higher than average abundances of radioactive material, albeit not close to the same levels, with concentration highs of approximately 4.2 mg kg-1 of topsoil uranium in England as reported in “Geological Controls On Radon Potential In England” [7].
[image: ]
[bookmark: _Ref31288121]Figure 1 Topsoil uranium (mg/kg−1) in England. Hotspots of uranium generally rest atop areas with a high abundance of granite [8]. The areas marked as “6” were chosen as the sites of comparison samples taken from England.
These areas of naturogenic radioactivity are influenced by geological conditions, generally associated with natural uranium and thorium with uranium comprising of a mixture of isotopes, of approximately 99% 238U, with less than 1% of 235U. The remaining uranium isotopes make up less than 0.5% of the abundance collectively [9].
Alongside natural uranium, 239Pu is also known to be found naturally, though typically one thousand times lower concentrations than the most abundant uranium isotopes. 239Pu is produced naturally by the decay of 239U, which itself is formed by the rare occurrence of a 238U isotope accepting a neutron. Both uranium and plutonium are generally found in their highest abundances in areas with underlying granite. Historically, these isotopes were the main contact people had with actinides until the pioneering work of Seaborg in the 1940s, discovery of the fission reaction and the spread of ubiquitous anthropogenic radioactive material that followed. Ubiquitous contamination began with local contamination, constrained to sites of radioactive materials processing and research, but with the advent of nuclear weapons, contamination rapidly spread globally via the transport of radionuclide particles in air and became known as fallout.
Most fallout originates from nuclear weapons tests carried out by the US, other Western powers and the former USSR. The US tests were carried out in areas of low population, mainly the Nevada desert (the Nevada Test Site) [10] and the Marshall Islands in the Pacific Ocean (Pacific Proving Grounds) [11]. The Soviet tests were mainly carried out in areas of Kazakhstan, namely Semipalatinsk, which was under USSR control at the time [2] [12] [13]. A total of 130 other Soviet tests were carried out in Novaya Zemlya, within the Arctic circle (Khalturin et al., 2005). British tests were carried out in Australia [15], while French tests were carried out in French-controlled Polynesia [16].
Each ground based nuclear bomb test (i.e. not subterranean) contributed to global fallout, regardless of the size of the explosion. While much of the radioactive material remained at the test sites, material was also carried into the atmosphere (largely in the northern hemisphere due to the majority of the bomb tests carried out here) to be deposited in the terrestrial and aquatic environment. It is estimated that a total of 106 tonnes of radionuclides have been released from nuclear weapons tests [17].  Much of the deposits were of little consequence and have laid dormant in small enough concentrations to have little reported effect on human health day to day (Martin, 1982), or indeed have long-since decayed away.
The discovery of the potential continual heat output of sustained fission reactions has also been utilized for electrical power production. Nuclear energy became a further contributor to fallout over the next 60 years from reactor accidents such as Three-Mile Island, Windscale, Chernobyl and most recently Fukushima [18], and on a localized basis, the effluents from nuclear fuel manufacture and reprocessing.
With so much variation in the sources of nuclear material released into the environment, it poses further challenges for regulators and decommissioning projects to monitor and distinguish between what may have been left from fallout, and what was released from specific activities on nuclear sites.


1.2 Dounreay History
The challenge of distinguishing fallout from contamination derived from site activities becomes more of a challenge when the long history of contamination on the Dounreay site is considered.
First, the geology of the Dounreay site should be considered. Reports have shown [for example [19]] the geology to demonstrate such high abundances of uranium to be potentially economically viable for mining. With this comes a complication for the discrimination of site-borne contamination; i.e., how can a baseline for site-derived radioactivity be established against such high natural uranium background radioactivity?
Ousdale (Scotland), an area local to the site, reported approximately 850 ppm of uranium in soils [9]. Such an abundance of natural uranium would emit gamma rays in the low-energy range of 50-200 keV, as shown in L’Annunziata’s summary of gamma emissions [20], the same range that most plutonium gamma-ray emissions would be found and similarly in the context of thorium. Natural uranium also causes neutrons to be released through spontaneous fission of 235U, but at <1% abundance it is much lower than the potential releases from plutonium isotopes.
The reactors built on site included two fast reactors, the Dounreay Fast Reactor (Figure 2), the Prototype Fast Reactor and a Materials Test reactor.
[image: ]
[bookmark: _Ref31562392]Figure 2 The Dounreay Fast Reactor [21]
These were breeder reactors and so utilized breeder blankets of 238U to form 239Pu during the fission reaction. Such reactors produce 241Pu as a waste product as the fission reaction is sustained, so if material was disposed from the waste lines it might be expected that the soil would exhibit higher than average levels of this isotope. Similarly, if any reactor material was dispersed, soil would exhibit higher-than-average 239Pu abundance. These considerations were kept in mind throughout the study.
Further to the local geology and the reactors that were on site is the knowledge of past waste management practices. Before modern practices were adopted, Dounreay constructed a shaft over 20 metres deep on the site to host all levels of waste including contaminated equipment and material.
[image: ]
[bookmark: _Ref31562535]Figure 3 The Dounreay shaft. The shaft was designed to assist construction of the liquid effluent discharge tunnel and was subsequently licensed in 1958 for disposal of intermediate level radioactive waste long-term on the site [22]. Over time, the effluent tunnel began to leak into the sea, leading to a large scale clean- up project in the coastal waters. Since, the shaft has been identified as a decommissioning priority before the end state can be reached and clean-up is soon to begin.
Not everything disposed of was accounted for, which requires that the clean-up of the shaft is planned carefully. As the shaft is concrete lined and over 20 m deep(Figure 3), it is anticipated that it has had very little impact on the surface soil radioactivity and so will not be considered much further into this thesis, other than to state that the shaft has leaked radioactive material during an explosion driven by gas build-up [23]. This could present a potential method for radioactivity to be redeposited on land. Further, such methods of handling waste lends itself to the possibility of unreported, legacy contamination events on site.
Moving forward, the Dounreay site is nearing its end state of decommissioning. With this comes the demolition and removal of buildings, many of which have been in place since 1955. The issue this presents for soil monitoring is two-fold; firstly, demolition can lead to the movement of significant masses of ground material, which has the potential to bury any residual contamination deeper into the ground, making it less likely to be detected. Secondly, the removal of structures can present soils for analysis that have never come into contact with global fallout contamination from neighbouring facilities, let alone potential site contamination, which could influence the interpretation of assessments of contamination in an area, especially if the removal of said buildings has not been considered.

1.3 DSRL Objectives
As stated in Dounreay’s 2018 Socio Economic plan, the expected interim end date for the site will be reached between 2030 and 2033 [24].
The NDA define the ‘End State’ of a site as “...the physical condition of the site at the point at which the NDA has finished its business”. They also assert that “...a key point to note with this definition is that it does not necessarily require that all radiological material be removed from the site, since it is possible for the site to remain under long-term institutional control even after the NDA has finished its work” [4]. So, a baseline plutonium level needs to be determined and a system developed to measure that limit.
As mentioned, as part of the decommissioning process, most buildings involved in radiological handling will be removed which means that the majority of any residual contamination will reside in the soil matrix. Naturally, sampling all areas of soil on the site would require a huge amount of time, processing, and clearly, cost. For this reason, it is beneficial for DSRL to utilize as high throughput, high-efficiency, and low-cost system as possible.
1.4 Methods of Analysis
Currently, DSRL analyse soil samples using alpha-spectrometry. The use of alpha assay is valuable as the main source of radioactivity observed in actinides of interest is alpha decay, so the presence of alpha particles provides strong evidence for the presence of actinides. A downside of relying on alpha assay is that the particles are very interactive, making them unlikely to travel through samples to be detected, and therefore the method considers only superficial samples. The particles travel only a few centimetres through air - when in a dense sample, like soil, this distance is much reduced. Consequently, taking topsoil samples may not be representative of the contamination present - unless a greater diversity of samples is taken.  This would be a drain on costs; both in terms of time spent carrying out the assay but also on materials and staff required to carry out the process. Alpha assay also takes a minimum of three weeks to complete, including excessive ‘man-hours’. Alpha spectrometry requires dissolution of soil samples before placement of the dissolved, dehydrated samples onto steel planchets for analysis, and when measuring gross alpha counts, only informs the analyst of how many alpha particles were counted and at what energy. It can provide more information but requires more time. While accurate, alpha spectrometry is an analysis method that is low throughput (shown in Figure 4), is not isotope specific, and requires a high amount of processing and therefore is not an optimal method for the analysis of large areas and volumes of soil. Further description of the alpha spectrometry method can be found in the review carried out by Vajda & Kim, 2010 of the alpha spectrometry methodology.
[image: ]
[bookmark: _Ref31562660]Figure 4 Alpha spectrometry. The sample disc can be seen being placed into the machine [physicsopenlab.org, useage: CC4.0, accessed 2019].
Other methods of radioactivity analysis include gamma-ray spectrometry, mass spectrometry, and neutron assay. As stated previously, the Dounreay area is highly abundant in natural uranium which affects the reliability of different methods. This natural uranium saturates some lines of the lower energy region of the gamma-ray spectrum where the majority of plutonium gamma-ray emissions are observed. The increase in background reduces the significance of plutonium peaks, making a general gamma-ray measurement method less suitable for use at Dounreay in isolation of other methods. Mass spectrometric methods are highly accurate and informative on the soil matrix composition [26] but have similar limitations to alpha-spectrometry in that they require excessive man-hours of preparation and encompass weeks to undertake from start to finish, as well as mainly providing measurements for entire isobars though some allow isotopic sensitivity with post-measurement analysis or sample separation. Further, the detail of analysis in mass spectrometry is likely much higher than required in a routine decommissioning scenario, where initial measurements aim to answer the simple binary question of: “is the sample of significantly higher activity than an average/threshold value?”. If the answer is yes, more analysis would be required, however it is more likely for the samples to be consistent with average activity and therefore a less detailed analysis method would be preferred to increase throughput, whilst also identifying ‘active’ samples. Neutron measurement could theoretically provide this analysis method and more.
The ideal goal of a ground remediation project is to leave the land and area in a comparable state to when the plant was first constructed. Of course, this is rarely a realistic expectation - especially when dealing with a long-serving site such as Dounreay that operated before stringent waste disposal guidelines were in place, and indeed, constructed before the majority of the global deposition (fallout). The Scottish Environmental Protection Agency’s (SEPA) policy regarding radioactive contaminated land [27] is a good example of such guidelines. Due to a historical lack of these policies, monitoring soils is pertinent, as soil is the most prevalent material of those left behind post decommissioning and allows quantification of various radioactive tracers that are deposited in the soil matrix.
The radionuclides found in the soil matrix are at an unknown depth, quantity, concentration and distribution, though specific areas of relatively high contamination have been identified on the Dounreay site (not relevant to this work). Due to these aforementioned unknowns, fast neutron detection is hypothetically an appropriate choice for a detection method - with complementary assays of samples of varied activity. Neutrons have low reactivity due to their lack of charge, making them highly penetrative, which increases the likelihood of their interaction with (and absorption by) a detector system rather than the soil matrix - both in-situ or otherwise for bulk soils assay.

1.5 Neutron Measurements
The use of fast-neutron detection of bulk soil samples is a novel technique for radioactive assay of plutonium, designed for time-efficient and convenient identification of the presence of radioactive soil contaminants. If paired with a comparative soil sample database, it could provide significant evidence of the relative level of neutron-emitting contamination at nuclear sites.
This study builds on developments made in the detection of neutrons in a mixed field, using Pulse Shape Discrimination (PSD) [28][5] carried out using Hybrid Instruments Mixed Field Analysers (MFAs) [29]. Organic liquid scintillation detectors are used in conjunction with this apparatus due to their ability to detect fast neutrons as well as thermal. Helium-3 detectors have been extensively used to measure both thermal and fast neutrons [30], but due to the expense of production of Helium-3 and the volatility of the material, there is a trend in the literature to move away from their use and explore other detection media with lower costs of manufacture [31].
The application of fast neutron detection to spot baseline levels of contamination within soil is a novel one, and could help forge an entirely new toolkit to be used by decommissioning organisations to highlight areas of higher-than-background radioactivity of neutron-emitting isotopes such as 240Pu. The development of such a neutron assay is described in this study. The study progresses from single detector experiments to a 16-detector array tested with varied masses of soil samples which were characterized by gamma-ray spectrometry at CCFE using their high-efficiency, high resolution Broad Energy Germanium detector, and the Tandy Accelerator Mass Spectrometer system at the Centre of Ion Beam Physics, ETH Zurich.
Neutron detection itself is not novel. It is commonly presented in modern research for multiplicity assay, typically using a californium-252 point-source [32], as well as other high emission sources [33], for safeguards applications exploiting the penetration of neutrons [34] [35] [36]. The measurement of neutrons released from low concentrations of plutonium contamination has often been considered too difficult due to the relative weakness of the source [37]. With recent evidence of passive, fast neutron detection of actinides, discovering the limit of detection of plutonium through fast neutron measurement is an exciting area of study.  A prime example of recently published work in this field is H.M.O Parker et al.’s 2018 study on the “Passive, non-intrusive assay of depleted uranium” [38].
Within the project conditions, it is expected that the majority of neutrons emitted from the samples would be released as a product of either spontaneous fission of plutonium (particularly 240Pu) and primordial uranium isotopes, or of (α, n)-reactions in the sample media derived from some elements. Of the two, there is a high likelihood that (α, n)-reactions will cause the greater amount of neutron emission from the sample media. This is due to the long spontaneous fission half-lives of ubiquitous radionuclides, the short measurement time-frame, and the likelihood of extremely low concentrations of anthropogenic radionuclides - which would otherwise be high neutron emitters due to their high specific activities relative to primordial radionuclides. L’Annunziata (2012) also states that alpha particles at energies greater than 4 MeV cause (α, n)-reactions when colliding with low-Z material. Given that soil is made up almost exclusively of low-Z material, it is reasonable to assume that the majority of alpha emissions from isotopes of interest (Pu, Am, U) lead to an (α, n)-reaction following collision with a particle.
Thanks to Heathcote’s “Dounreay Site Description – Geology, Hydrology and Hydrogeology” [19], it is known that the DSRL samples originate from areas of relatively high uranium concentration, naturally it is expected that the samples will share this characteristic. The uranium decay chains contain a relatively high proportion of alpha emitters which, following the previous assumption, all would lead to (α, n)-reactions within the soil. Spontaneous fission is unlikely to be the cause of much of the samples’ neutron emission if they are of low plutonium concentration. Of the plutonium isotopes likely to be found in the soil; 240Pu is expected to emit the highest number of neutrons - with a spontaneous fission yield of 1020 neutrons per gram per second based on Ensslin’s “The Origin of Neutron Radiation” [39]. The neutron emission is expected to be even slightly higher when taking into account that the entire emission intensity of α-particles released by 240Pu is always greater than 4 MeV [20].
Feige et al.’s measurements of “Production Rates of Neutrons in Soils Due to Natural Radioactivity” [40] suggest relatively low levels of (α, n)-reactions within the soil, however. They predict (assuming 3ppm 238U and 11ppm 232Th and for alpha energies of 4.8-8.8 MeV) that 6.7±0.7 neutron/g/yr are released as a result of (α, n)-reactions in sand, and 13.5±1.3 neutron/g/yr in granite. They also assert that a further 1.4 neutron/g/yr are generated from the spontaneous fission of 238U and its daughter products, represented in Figure 5. Of course, these values are 50 years old, and so, whilst informative, the levels of actinides within soils may have changed since they took place. This means that the baseline levels of (α, n)-reactions in soils could very well be different.
[image: ]
[bookmark: _Ref31288104]Figure 5 A visual representation of the 238U decay chain. As can be seen, the main decay mechanism of isotopes is alpha particle decay [Wikimedia Commons, usage: CC1.0, Accessed 2019].
Within the project was the opportunity to carry out measurements of the DSRLB2 soil sample spiked with a known amount of 240Pu. This experiment allows the calculation of an estimated neutron emission from the sample (and therein, 240Pu) per unit time to compare to the overall measured neutron emission. While the sample is only spiked with a single isotope, this experiment is very important for the project, as it provides understanding for what could be observed in terms of neutrons detected in a sample with activities of plutonium much higher than would normally expect to be deposited by fallout per gram of soil. 
Heusser, reports a minimum combined thermal and fast neutron count of 7.3 cm-2s-1 from the environment, including cosmic sources [41]. When considered in the context of this project geometry, it gives an anticipated neutron exposure in the experiment area of over 100 million neutrons over the course of a standard four-hour measurement. The background neutron count may be less when considering that a proportion of these neutrons will be reacting in the atmosphere and building before reaching the apparatus, and therefore will be below the 0.5 MeV detection threshold of the detectors. These conditions prompt the need for the application of corrections to the results to give a wider view of the neutron detection methods and evaluate the impact of neutron background on the assessment of soil samples. 

1.6 Gamma Spectrometry
To support the development of the neutron measurement system, the gamma-ray spectra of the samples were measured to gain a greater understanding of the sample’s radioactive character. Observing the gamma-ray spectra highlights the most prolific gamma emitters within the samples, which is expected to show a high concentration of the uranium decay series daughters within the spectra, alongside peaks from various ubiquitous radionuclides such as potassium-40 and caesium-137. There is also still a chance that some plutonium peaks might be distinguishable in the spectra, which would help identify an estimate for expected neutron emission for that particular sample.
Consideration of T.E Sampson’s contribution to the PANDA manual [42] immediately prompts researchers to assess the low-energy regions of gamma spectra to attempt to identify any plutonium isotopes within the samples; Sampson reports 15 individual peaks from various plutonium isotopes (and 241Am) in the energy range of 40-160 keV, when measuring ~500 grams of plutonium metal. It soon becomes clear however, that the gamma-ray spectra of background level actinides within soil are far removed from those found during gamma-ray emission measurements of nuclear fuel materials as published. Based on the Sampson report, plutonium gamma-ray lines at 148.6 keV and 152.7 keV from 241Pu and 238Pu are expected respectively, however these are not sufficiently prominent to measure in soil samples. Instead, of the plutonium-related lines the 241Am (59.5 keV) is the only line distinguishable from background, and as the direct daughter product of 241Pu it can be used to generate an estimate for the plutonium content of the samples, albeit based on an estimate that the 241Pu has been in existence. Further to americium, there is a line at 129 keV, a potential indicator of the presence of 239Pu, though this is largely derived from 228Ac, the daughter of 232Th.

1.7 Accelerator Mass Spectrometry
In addition to the gamma-ray spectrometry and neutron spectroscopy, the samples were measured with Accelerator Mass Spectrometry (AMS) which can quantify attogram per gram abundances of actinides (amongst other radionuclides).
The TANDY AMS system at ETH Zϋrich has proven a successful facility for the detection of actinides in sediments [43]. The technique was applied to soils from this project using similar techniques to break down the solid media as shown in Chamizo et al. [44].
AMS was invaluable in this study as its measurements provided high-resolution assessment of the plutonium isotopes within the samples. This was then translated into the expected neutron emission from the plutonium isotopes within the samples, when paired with spontaneous fission and α-emission rates to compare directly with the measured neutron emissions. Further to providing comparisons, knowledge of plutonium concentration within the samples allows additional speculation on the origin of said actinides which is helpful in decommissioning management practices and wider forensic possibilities.

1.8 Summary
Neutron detection can be used to identify the presence of fissile material, most notably 242Pu but also other decay products predominantly of the actinide decay chain.  Gamma-ray spectrometry provides knowledge of gamma-ray emitters within each sample, confirming initial assumptions of the relatively high uranium character of the sample soils, while AMS gives the concentrations of 236U, 239Pu,240Pu,242Pu, and the 244-isobar including both 244Pu and 244Cm.
The results from each set of measurements are presented and discussed individually and in conjunction with one another to draw potential conclusions on the radioactive character of each sample, and ultimately draw conclusions of whether each set of measurements match. The conclusions are then presented and potential future work discussed, along with possible applications for the methods investigated in this research.

[bookmark: _Hlk1586716]Chapter 2 
2. Experimental Methods
2.1 Samples
Ten soil samples were provided by Dounreay Site Restoration Ltd. to be analysed in this research. The ten soils were provided in one-litre, air-tight containers and labelled as DSRL1 through 10. These samples were approximately 1 kg mass when dried. Two samples from off-site at Dounreay (DSRLB1 and DSRLB2) were collected by DSRL staff near to the site and provided later in the project to serve as appropriate comparison samples from within the local area, these two samples had a mass of approximately 2 kg dried. The locations on-site were not disclosed and thus limits the extent of interpretation possible amongst the on-site samples.
Two further samples were collected from another part of the UK; Malham and Biggin, approximately 500 miles from the Dounreay site to provide other UK sample comparisons and noted in Figure 1. These samples weighed approximately 4 kg each dry. The Malham and Biggin samples were collected following extensive consideration of areas of known high natural radioactivity in the UK. A variety of sites were identified as useful, with Malham and Biggin being deemed the most appropriate, due to their relative locality to the researchers and their status as areas of high concentration of uranium in topsoil. The two sample sites were reported to have levels of uranium in excess of 4 milligrams per kilogram of soil (4 ppm), as shown in Scheib et al.’s “Geological Controls on Radon Potential in England and Wales” [7], in Figure 1.
The Malham and Biggin samples were collected by search sampling as described in A. Rahman’s “Decommissioning and Radioactive Waste Management” [45]. They describe search sampling as sampling with prior information of the location of ‘hot spots’ and a specific value of a parameter is being searched for, as is the case in this study, with a high natural radioactivity of soil being desired for comparison with indigenous activities at Dounreay.
The samples were processed very little during preparation. Each sample was dried and during the drying preparation it was visually confirmed that there was a low rock content within each sample. This was done by mechanically breaking apart larger clumps of soil to no more than approximately 1 cm in diameter, with the trowel used to manipulate the samples. This is important as a sample with significantly more rock may exhibit lower activities and could later present itself as an outlier. It was important to minimise systematic differences in the sample character.
To dry, each sample was spread over a steel tray to maximise surface area of each, then thermally dried in an oven for eight hours at 50 degrees Celsius. Following drying, the samples were immediately returned to their original containers and re-sealed to maintain dryness. Drying minimises the potential of neutron moderation (caused by water within the samples) which in this set of experiments would increase self-absorption of neutrons within the samples and further reduce neutron counts from the system as shown in Gorin et al’s contribution to Atomic Energy (2005) [46]. It was deemed appropriate to only dry the samples, leaving the soils in their natural matrices and thus accept the potential increased likelihood of an influence on neutron counts (albeit small) in terms of heterogeneity of radionuclides, which would be averaged out in later analyses. This was not a major worry during the design of the study, especially considering Sheppard et al’s (2008) comprehensive study on primordial radionuclides in Canadian background sites [47], where they found that even though there was a high amount of variation in soil characteristics, there was actually only a three-fold variation in radionuclide concentration across the seven soil types.
Late into the study, one more sample was provided by DSRL that included a plutonium-240 spike equating to ~1 Bq/g activity in the sample. This sample was originally the DSRLB2 sample, which was returned to DSRL. Some other samples in this sample set included a non-spiked DSRLB2 sample, and non-spiked DSRL7 samples following their characterisation by DSRL. No further processing was carried out on the samples within this set until specific measurements took place that are described hereafter. Following measurement, the sample masses at each measurement campaign were normalised to a consistent mass of 1 kg, unless stated otherwise.

2.2 Neutron Detection Methods
The neutron methods section describes experiments carried out at Lancaster University with varied detector configurations. Each of these experiments utilise Scionix EJ-309 liquid scintillation detectors with photomultiplier tubes (PMTs), as well as Hybrid Instruments mixed field analysers (MFAs) and other associated counting hardware made either from printed circuit boards (PCB) or Field Programmable Gate Arrays (FPGA) that have been constructed bespoke or programmed within the research group at Lancaster.  The Hybrid Instruments MFAs are high-speed signal processors designed to differentiate between multiple neutron events within high neutron flux environments. In this work, they were used to measure single neutron events at low flux.
2.2.1 Neutron Detector Array Calibration
Every detector in the neutron array was calibrated using a 137Cs point-source with the software provided with the MFA units [48]. The software has two modes in which the calibration needs to be carried out; MCA (multi-channel analyser) mode and PSD (pulse-shape discrimination) mode. The MCA mode is traditionally used to measure a spectrum of gamma energies, mapping count number against energy. Within this work, the MCA mode is only used to measure the 137Cs point source, which causes a Compton edge to form from Compton scattering within the scintillation material. Compton scattering is caused when gamma rays interact with electrons in the atomic shells of the detector materials. This scattering in turn forms the Compton edge, which represents the full back-scatter of an interaction in the material. The Compton edge is used as a point of alignment across the detectors within the MCA spectra due to its assumed uniformity across each detector. Each detector’s voltage supply was adjusted within the software to align the Compton peak to a consistent point of the MCA spectra. Once the detectors are aligned via the Compton peak, the PSD mode was opened to set the optimum pulse-shape threshold at which neutron and gamma-ray pulses are distinguished from one another. PSD or pulse-shape discrimination is a process which identifies whether a scintillation pulse was generated by a gamma-ray or a neutron by measuring the differences in the shapes of the pulses (pictured in Figure 6). The neutron triggered scintillation pulses have a longer decay time than pulses triggered by the gamma-rays and this difference is measured as part of the PSD method. Detection starts with the point-source placed centrally in the array to give an example PSD scatter plot, then the PSD threshold is retrieved within the MFA software and adjusted by hand in the GUI (graphical user interface) to assign each detector a specific discrimination threshold that best fits the separation of the plumes in the data presented from the 137Cs source. The PSD threshold can also be adjusted by channel number to make all detectors uniform in their threshold position, but the decision was made throughout all experiments presented to calibrate dependent on the PSD curves (plumes of gamma and neutron emissions), to consider the detector differences brought about by changes in geometry and uncontrollable differences within the instruments themselves. The same calibration methodology was carried out successfully in Parker et al.’s “Active fast neutron assay of uranium-235 enrichment in small samples of triuranium octoxide” (2016) [49].
It is important to set a consistent and accurate threshold between the two radiation plumes in the GUI as inaccuracy can lead to photon bleed-through. Bleed-through is a potential system-based contribution towards false sample counts measured in the detection system [50]. The system relies on pulse-shape discrimination (PSD) to distinguish between neutron and gamma radiation. Sometimes, dependent on the energy and pulse-shape of the events detected, one type of radiation can be mistaken as the other, this is known as bleed through. So, gamma emissions in any measurement could register in the system as neutrons. This is less likely assuring correct calibration, as there are only a small proportion of possible instances of bleed-through. These can be seen as individual points close to the threshold line during calibration far from the gamma (red) and neutron (blue) plumes where the majority of radiation events are recorded.[image: ]
[bookmark: _Ref31288185]Figure 6 An example of a PSD plot following measurement with 137Cs. The PSD threshold is the partition between red and blue points on the graph. Blue dots represent the neutron counts, while red the gamma. Points close to the threshold have the possibility to be bleed-through, though the threshold is set in a conservative manner to minimise this. Red lines seen horizontally across the screen were an issue with the machinery at the time, but did not affect the neutron measurements for this project, as only neutrons were measured, and all events on the gamma side of the threshold were discarded.
2.2.2 Parallel-array Neutron Measurements
The parallel-array measurement was comprised of two independent neutron arrays.  Each array contained four vertically placed Scionix EJ-309 detectors attached to photo-multiplier tubes (PMTs) and one Hybrid Instruments MFA 4-channel unit. One array measured a sample’s neutron emission, while the other measured the background neutrons (no sample). The detectors of each of the two arrays were placed in a square arrangement, with the sample positioned centrally in the sample array and no sample or container in the background array, and the individual arrays set approximately 15 cm apart. A block of high-density polyethylene (HDPE), of dimensions 50 cm x 20 cm x 6 cm was placed between the two arrays to act as shielding and minimise scatter of events (cross-talk) between arrays.
The parallel array system described above was calibrated as described in section 2.2.1 and is pictured in Figure 7 below. The array was recalibrated every month to ensure a consistent detector response throughout the measurements, as well as whenever significant disturbances were made to the array, such as movement of detectors or power-outages.
Following measurement, the results were outputted from the MFAs into an Arduino-based circuit counter, which fed the data into a log file. The time-stamped data was processed from the log file in Python, giving neutron counts per four-hour period and the results are shown in Section 3.1.1.
[image: ]
[bookmark: _Ref31288231]Figure 7 The parallel neutron detector arrays are pictured. Arrays are separated and surrounded by high-density polyethylene (HDPE). The arrays consist of four EJ-309 liquid scintillators with photo multiplier tubes and connected to two mixed field analysers that are not pictured. Detectors are set equidistant from a central point at which the samples are placed.
The separate arrays were analysed to check for differences in neutron measurements between each array under the same conditions. The comparisons between the two showed a significantly lower mean neutron count from the sample array than the background array, with values of 1024±65 and 1433±63 respectively derived from the data presented in Figure 8.

[bookmark: _Ref31357491]Figure 8 Background neutron measurements from the parallel detector arrays over 4-hour periods. There is an inconsistency between the array responses and the neutron background, though the measurements within the same arrays are consistent with one another. It should be noted that the measurements have had three omissions (3, 4, and 8) due to clear outliers thought to be due to electrical interference in the MFAs, creating an increase in neutron counts by two orders of magnitude, which if included, would have dwarfed the rest of the measurements.
 Figure 9 shows a comparison of the detector response measured relative to each MFA, the detectors were alternated between the two MFAs (model numbers 4311 and 4314) to identify whether the neutron count differences were caused by the detectors or the MFAs primarily. The equipment was calibrated before each measurement and after every change in detector, and the response was measured as in the previous sections. When switching detectors between MFAs, the detectors remained in the same geometries and positions, but the cables were switched between the MFA units to identify the source of the neutron responses.

[bookmark: _Ref31357516]Figure 9 Background neutron counts measured over 24 hours, compared between detector and mixed field analysers (MFAs). The MFAs and detectors are differentiated by code, shown in the bottom right of the figure. MFA 4314 is shown in spotted red bars, while MFA 4311 is shown in the horizontal striped bars. On average, the neutron counts are higher in measurements with MFA 4311.
As shown in Figure 9, alternating the detectors against MFAs shows a general trend that MFA 4311 elicits a larger neutron count than MFA 4314 under the same conditions, with averages of 1097000 (±3000) and 960000 (±3000) neutrons detected respectively.
It is worth noting that the detection equipment was in relative proximity to the heating system for the room. While the building is set to be at a constant temperature throughout the day so the heating system does not change the local temperature enough to cause a spike in detector activity, this is a possibility in the case of a heating malfunction so has been noted in this section.
With the parallel array results in mind, a single, 16-detector array with four MFAs was proposed to increase detector efficiency in the neutron measurements. The parallel array method, while theoretically ideal, proved to harbour too many confounding variables for consistent comparisons to be carried out unless a normalisation was applied. The measurements could be confounded due to the inherent differences found between detectors from manufacture, such as slight changes in amount of scintillant liquid and differences in PMT performance [51]. Nonetheless, results of the comparison of neutrons against MFA unit suggest that the differences in response could also be due to the MFA units themselves after considering the building’s constant temperature and the lack of reported malfunction of said heating system. It is plausible to conclude that the immediate vicinity of the detectors (i.e. other machinery/heating) is not the cause of the neutron count difference as the array responses change significantly when the MFA unit changes. Therefore, it seems that the difference in detected neutrons comes from intrinsic differences within the machinery, combined with a low detector efficiency, due to the limited number of detectors used to measure each sample set. 
 The larger, single array of detectors offered the potential to normalise these confounding variables across measurements if consistent counts could be achieved. Further, the larger array would increase coverage of the samples, therefore reducing the loss of emitted neutrons and increasing absolute detection efficiency. The hypothetical benefit of such an array is that an increase in detection efficiency might allow greater differentiation between the total neutron emissions from each sample. Following the confirmation of consistent detector responses over multiple measurement iterations, it was planned that the single, large array of detectors would be used to compare multiple samples over different measurements, when also compared to background neutron measurement. Whilst this measurement method would not compare the background neutron level at the time of sample measurement, an average background value would yield a sufficient subtraction from each sample neutron count to provide comparisons across a sample set.

2.2.3 16-Detector array Neutron Measurement
The 16-detector neutron array measurement is a single array, made up of 16 Scionix EJ-309 liquid scintillators with PMTs configured into a 4x4x4x4 array surrounding the samples. The array is pictured in Figure 10 below and shown diagrammatically in Figure 11. Samples were placed centrally within the array, set upon a stack to try to ensure consistent measurements between the upper and lower detector layers.
The detectors are connected to four Hybrid Instruments Mixed Field Analysers (MFAs), which are connected via TTL port to a 16-channel circuit counter and processed via Field-Programmable Gate Array (FPGA) before file dump to a laptop computer running “PuTTY”, the data-processing freeware.
[image: ]
[bookmark: _Ref31357550]Figure 10 The final neutron array used within the project. The array consists of 16 Scionix EJ309 detectors with photo multiplier tubes, attached to four Hybrid Instruments mixed field analysers (MFAs) which are linked to laptop via Field Programmable Gate Array (FPGA) and pulse counting circuit. The detectors are aligned around a central point at which the samples are placed.
[image: ]
[bookmark: _Ref31357594]Figure 11 Diagram of the 16-detector neutron array with accompanying key. The cables, laptop, and signal counting circuit/FPGA are not included in the diagram. Approximate dimensions are shown in the diagram for the constituent parts of the array.
Passive, single fast neutron emissions were measured from 14 soil samples over four sets of four-hour measurements. Throughout the sample measurements, the neutron background was periodically measured to compare to, and ultimately providing a value for background subtraction. The average background was subtracted to account for the intrinsic variability in intensity of the background neutron radiation which is heavily influenced by weather and atmospheric pressure.
The 16-detector array was recalibrated based on the same protocol as the other neutron measurement arrays, however, whenever the detectors were disturbed, only those disturbed were recalibrated due to the added geometry complications.
Measurements taken from the 16-detector array were adjusted after identifying anomalous counts. The anomalies can be seen in Figure 12 below.
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[bookmark: _Ref31359347]Figure 12 The total neutron count average over four, 4-hour periods per detector as a function of sample for a total of 16 different detectors within an array. Background measurements are shown as red bars, while each of the sample measurements are subsequent green-shaded bars. The figure clearly shows detector 12’s measurement of the ambient background as an outlier to the rest of the measurements, and hence it was omitted from further analysis. Overall the figure shows little variation in detector response, apart from detector 15.




Overall, the counts per detector in Figure 12 show consistency with one another (with slightly lower responses in detectors 7 and 9), providing confidence in the stability of the neutron counting apparatus. However, the variation in the neutron counts between some detectors is likely due to the combination of two different factors. Firstly, the neutron counts will be affected by unavoidable variation in the detector responses, caused by differences in orientation and in the liquid scintillant material. Secondly, the counts will be affected by the heterogeneity of the samples, which means that not all of the 16 detectors will be subjected to the same neutron flux of sample origin as one another. This is not unexpected, as soil is inherently heterogenous, and so it would be highly unlikely for the samples to exhibit homogenous characteristics. Grinding of the soil samples could provide an increase in homogeneity, but if the neutron detection method was to be adopted for industrial use, it would be much more time efficient for the samples to only be processed to the extent of complete drying. Further, if grinding large samples, specialist equipment would be essential but would not necessarily guarantee an increase in homogeneity of radionuclides within the soil. For this reason, it was considered most appropriate for the measurement methods to minimise sample preparation, therefore optimising the methodology for industrial conditions. This heterogeneity in the sample matrix is also accounted for when analysing the data to give the gross neutron counts per array for each sample per unit time, as well as the average neutron count per detector per unit time. However, we would not expect any variation of the order of what is seen to be due to heterogeneity.
The errors for each detector measurement were calculated by square-rooting each value as the detector measurements are Poisson distributed [52], which were then propagated with the formula: 
					Equation (1)
a, b, and c denote the error values of each repeat count value.
The background measurement of detector 12 (as seen in Figure 12 as a red line) was removed from the dataset following its identification as an anomaly. As it was a background measurement there is no chance of the orientation of the sample presenting a more active particle to detector 12 like there is in sample DSRL9 as shown in the figure for the same detector. This anomaly removal reduces the average count for the ambient background to 1019±8 and drops the mean neutron counts across all detectors to 1040±30. The error for background neutrons reduces from 16 to 8, but still shows no significant difference to average neutron counts when the anomaly is excluded.
The background was calculated by carrying out multiple neutron measurements in the array with no sample present, over various periods of differing weather conditions. Differing weather conditions can correspond to a difference in the atmospheric pressure, which is known to have a significant effect on the amount of cosmic neutron counts in background [53][54]. The mean of these measurements was used as the background subtraction value. Due to the multiple different background measurements it is possible that an example of high neutron background has been calculated, which could be contrary to the background conditions measured during a sample run, though this would likely be dampened by the average of many different measurements and so is not a likely to be a confounding variable.
Consideration of the array geometry is also important for this campaign of measurements. As the array only covered the horizontal plane of neutron emission, neutrons would not be detected if emitted along the vertical plane from the origin of the sample. For this reason, a correction for the sample coverage surface area was applied to the neutron count number, of 1.5, to account for the incomplete sample coverage, assuming two-thirds sample coverage at time of measurement. This correction was only applied to the summed ‘counts per array’ measurements, including the background. 


2.3 Gamma-ray Spectrometry
The gamma-ray spectrometry measurements were carried out at the Culham Centre for Fusion Energy (CCFE) utilising their high-purity Broad Energy Germanium (BEGe) [55] gamma detector; an ultra-high efficiency detector in an ultra-low background housing of lead as shown in Figure 13.
The BEGe is a type of HPGe detector, with a germanium crystal that measures 91 mm in diameter and 31 mm in depth, designed to have exceptional energy resolution across a broad energy range (3 keV to 3 MeV). The detector is cooled by a liquid nitrogen coolant, the container can be seen in Figure 13. The data was processing and efficiency calibration was carried out in the Canberra LabSOCS software [56].[image: ]
[bookmark: _Ref31359508]Figure 13 The Broad Energy Germanium detector used in this research at CCFE, and part of the ADRIANA toolkit which is part of the National Nuclear User Facility (NNUF.ac.uk). The lead housing is the container in the left of the image and hosts the germanium crystal, with the liquid nitrogen coolant in the dewar container to the right.
 The BEGe detector was chosen over the SAGe (Small Anode Germanium) detector [57] - another high-purity germanium detector at CCFE – due to its high resolution at low energies of the gamma spectrum. Throughout the gamma spectrum, the BEGe has a slightly higher resolution than SAGe. It was thought that the greater resolution would provide more accurate measurements of plutonium gamma-ray emissions, including the americium-241 gamma line, allowing differentiation of peaks. The Mirion technologies SAGe detector application note [57] informed this decision. 
The BEGe detector is calibrated in-house at CCFE with a mixed point source every fortnight. Details of this source are found in the appendices.
Sub-samples of each sample within the project were decanted into 100 ml containers, and during measurement were placed directly on the germanium crystal.
Each measurement in the BEGe detector was carried out over 24 hours, and the gamma emission spectrum of sub-samples of each soil sample was recorded. The sub-sample pot of each sample was filled to the same dimensions of 5 cm for consistency in the system, with similar soil compositions taken from each sample (for example, any clumped soil or vegetation was avoided), to maintain consistent density range. For each measurement, a geometry model of the 100 ml soil containers was loaded from a pre-set file on the ADRIANA lab database into the LabSOCS geometry composer, the density of soil was modified within the model to correspond with the mass of each sub-sample. Once the geometry was validated, an efficiency table was generated to calculate the absolute efficiency for a spread of arbitrary energies using a pre-made LabSOCS model of the BEGe detector and the soil container geometry specified earlier to calculate the intrinsic and geometric efficiencies respectively. Following this, an absolute efficiency calibration was carried out within the LabSOCS software so that each gamma-ray emission within each spectrum is validated.
Following efficiency calibration, a basic spectrum analysis was carried out within the Genie 2000 software, where the efficiency calibration file is supplied, and a nuclide library file is chosen to determine the presence of peaks within said nuclide library. The staff at CCFE suggested the chosen nuclide library as it is the standard nuclide library used by the radiometric analysis team at CCFE for analysis of radionuclide-contaminated materials and includes all plutonium isotopes and all of their common daughter products such as americium, thorium and uranium. The Curie MDA report mode was added to this, to state the minimum detectable activity of nuclides with peaks present in the spectra. The MDA reports validated the presence of 241Am in some of the samples, and the complete lack of plutonium.
Geometry efficiency was calculated within the Genie software, with the efficiencies from energies 10 to 2000 published. At 60 keV where the 241Am peak is observed, the efficiency calculated was 8.53x10-2 (±8.53x10-3).
Spectra files were analysed in Lancaster in the Canberra software, ProSpect [58]. Here peaks were identified and compared to the literature gamma emission peaks, giving likely emitters for each peak. The peak counts were recorded to identify estimates for the abundance of nuclides within each sample.
Due to the close relationship between 241Am and 241Pu, with approximately 99.7% of 241Pu decaying to 241Am [20], it was possible to quantify the amount of 241Pu currently in each sample using the estimated amounts of 241Am via the 59.5 keV 241Am photopeak and literature values of the decay rates and half-lives of both americium and 241Pu isotopes. This is possible with use of the Bateman equation [59], which describes abundances and activities of radionuclides in a decay chain as a function of time, based on the decay rates and initial abundances of the isotopes within a given material [60].
The time component of the equation of approximately 35 years was provided by contacts at DSRL as an estimate for when 241Pu may have been deposited - at the latest - on site (35 years prior to current date i.e. 1983). These assumptions are likely to over-estimate the quantity responsible, but when working with radioactive nuclides of unknown concentrations (like 241Pu) in a decommissioning scenario, the precautionary principle [61] applies in the absence of better data rather than underestimate the radioactive presence within the soil on site.
The following is a step-by-step explanation of the analysis of the spectra gained from CCFE:
Sampling: To begin, a separate 100 ml pot was filled for each sample to a consistent and specific height (required for efficiency analysis) and weighed. The sample pots were placed in the BEGe detector for 24 hours to record the spectra of gamma-ray emissions from each sample. 
Peak Identification: The spectra measured from each sample were analysed for emission peaks from any known gamma-ray emitters in the plutonium decay chain. Overall and unsurprisingly, the peaks observed were generally caused by daughter products of naturally-occurring uranium (lead, thorium etc.). Among some spectra however, an 241Am peak was identified due to its characteristic 59.5 keV emission.
Americium-241: 241Am is a decay product of 241Pu, which is an activation product of the nuclear fuel process. The energy range surrounding the 59.5 keV peak (59-60 keV) was identified and the number of counts was collated in this range for each sample.
241Am was chosen as the main focus in the spectra as it is the closest, visible, uncontaminated radionuclide to the plutonium decay series, and with literature values estimates for the overall number of plutonium atoms in each sample can be calculated to then get an estimate for the number of neutrons each sample was likely to emit. This neutron estimate allows corroboration of the neutron counts from the organic scintillator detector arrays.
Background Subtraction: When counts for 241Am emission were measured for each sample, estimates were calculated for the background counts in each peak to subtract from the count number measured in the peak overall. This was an efficient way to assume the removal of background counts from the calculations.
Decay Rate: Next, the total number of 241Am atoms that decayed over the 24 hours was determined using values from the 241Am decay scheme [62]. This value was then converted to decays per second (Bq) and then Bq/g.
No. of Americium-241 Atoms per Sample: From the decay rate it is possible to calculate an estimate for the current number of 241Am atoms per sample by dividing the decay rate by the 241Am decay constant, which is derived from the rate of decay equation.
No. Plutonium-241 Atoms Originally: The current number of 241Am atoms per sample can be used to calculate an estimate for the number of 241Pu atoms originally in each sample. This is done using the Bateman equation [59]:
			N2(t) = N0 ()()			Equation (2)
Where:	N2 = Number of americium-241 atoms
		N0 = Number of plutonium-241 atoms
		λ1 = Plutonium-241 decay constant
		λ2 = Americium-241 decay constant
		t   = Time (s)
Original Plutonium-241 Activity: From the original atoms of 241Pu it is possible to quantify the mass of 241Pu per gram and activity (Bq/g) per gram sample. This was done to try to identify the potential source of the 241Pu later down the line. Knowing the level of activity of the 241Pu can allow links to be made to known data of nuclear fuel burn-up at different times, and ranges of enrichment levels, at Dounreay.
Current Plutonium-241 Atoms and Activity: The estimated current number of 241Pu atoms in the samples was calculated from the original estimated atoms of the isotope, then the activity per gram of samples and the mass of 241Pu per gram of sample was calculated using the same methods as was used in the 241Am calculations.



2.4 Accelerator Mass Spectrometry
2.4.1 Sample Preparation
Prior to any accelerator mass spectrometry measurements, the soil samples were ground with a pestle and mortar to maximise the surface area of the samples, increasing the potential for release of actinides from the soil matrix. Sub-samples of 5 g mass were transferred to Teflon beakers and spiked with 100 µl of 233U and 200 µl of 242Pu tracer solutions of known concentrations. 
Leaching
1 ml of distilled water was added to moisten the soil samples before addition of 5 ml of HNO3 and 1 ml of H2O2. The samples were placed on a hot plate at 50oC and swilled periodically. This process was repeated 3-5 times until reactions ceased to take place. The samples were then centrifuged, and the supernatant was filtered via syringe back into a clean Teflon beaker. 5 ml of 8M HNO3 was added to the centrifuge tube still containing the pellet and the step was repeated following cleaning of the syringe. Following the filtering of particulate, the samples were evaporated overnight to dryness at 110oC. 10 ml of 8M HNO3 was added to the evaporated beakers, followed by 0.2 ml of 3M NaNO2 for valence adjustment of the actinides. The valence adjustment ensures that the actinides bind within the resin upon contact, rather than pass through. The solution was transferred to centrifuge tubes, and the beakers rinsed and transferred again to ensure complete transference of sample.
Sample Concentration and Conditioning
Once transferred to centrifuge tubes, 0.5 ml of Fe3+ (50 mg/ml) was added to the solution, followed by concentrated NH4OH until an iron precipitate formed. Once the precipitate had formed, the solution was centrifuged, and the supernatant was carefully discarded (so as not to lose any precipitate). This was set aside until extraction columns had been preconditioned. Extraction columns for extraction chromatography are constructed with commercially available TEVA and UTEVA resins formulated to capture plutonium and uranium following preconditioning.
 [image: ]
Figure 14 A picture taken of the column chromatography method in use at ETH Zϋrich for the AMS measurement preparation. Following dissolution, the samples were placed in the syringes in the image before being pulled via vacuum through the ion exchange resins and into the waste or sample containers as appropriate.
 The columns are constructed with three-way valves leading to waste and sample pots, with the third option preventing flow through the columns. Solutions are drawn through the columns by vacuum, produced by a pump. The columns are preconditioned with HNO3 before addition of the sample, to both activate the TEVA and UTEVA resins, and clear the columns of any contaminants. Following column conditioning, 15 ml of 8M HNO3 was added to the centrifuge tubes to re-dissolve the iron precipitates and the contents were poured into the column syringes. This was repeated 3 times with 5 ml of 8M HNO3 to ensure samples had been fully washed through the columns. Following column chromatography, the solutions were evaporated periodically from crucibles onto a hot plate at 80oC until only dry particulate remained. The crucibles were placed in an oven and thermally activated at 700oC overnight. The crucibles were left to cool, then individually, niobium was added to each one and mixed into the samples, before pouring into the target press. The samples are then pressed into titanium targets, sealed by compressed ball-bearings before being placed sequentially in the detector wheel for AMS analysis. A diagram of the accelerator mass spectrometer apparatus is shown in Figure 15 below.[image: ]
[bookmark: _Ref31282171]Figure 15 A diagrammatical representation of the TANDY AMS at ETH Zϋrich. The samples are processed clockwise around the system, with the titanium targets placed into the system after the MC-SNICS Ion Source [63].
 Due to suspected errors in the 236U measurements, they are included in this section in Figure 16. The measurements have a high uncertainty, and display abundances much higher than that described in literature examples that would be expected to be an example of high global 236U levels from Bikini Atoll [44].

[bookmark: _Ref31359687]Figure 16 Abundances of 236U as measured with the AMS system at ETH Zϋrich. Further details are described in the Experimental Methods section. Solid black bars represent samples collected on-site at Dounreay, red striped bars represent samples collected off-site from the Dounreay locality, while the blue dotted bars represent samples collected by the author in English sites as named.
In Figure 16’s display of the 236U estimates, Malham shows a marked difference. In this measurement, Malham has negligible amounts of 236U while all other samples are in the range of 40,000 to 160,000 fg/g of sample, around a factor of a thousand higher than the measurement in Chamizo et al.’s study which was 88±1 fg/g. The measurements are discussed in Section 4, with the potential measurement issues specified.

Chapter 3
3. Results

This chapter presents the results of the experiments described in the Experimental Methods chapter. It is split into 4 sections.
Measurements were carried out to investigate the possibility of the assessment of trace quantities of plutonium in UK soils. The measurements included neutron counting, gamma-ray spectrometry, and accelerator mass spectrometry.
Section 3.1 covers the dual array measurements of the sample neutrons compared against the ambient background neutrons, then a comparison of the detectors and MFAs is presented, identifying any systematic differences of measurements due to issues with the equipment. Section 3.2 describes the results obtained from the neutron measurements made with the 16-detector array. Gamma-ray spectrometry results are presented in section 3.3. The peaks of interest are displayed and analysed to obtain estimates of absolute mass values of actinides to compare the samples with earlier datasets. Finally, section 3.4 presents the results achieved from AMS measurements of each sample carried out at ETH Zϋrich for comparison with the radiation measurement results.
Neutron-based measurements are presented here in two different iterations that reflect the development of the array configurations throughout this research. These developments enabled an increase in system detection efficiency, moving from two 4-detector arrays to a single 16-detector array, as well as some developments in the associated electronic counting equipment. The 16-detector array was used to measure project soil samples as collected from their sampling sites, and also a single sample spiked with a known amount of 240Pu for comparison.
Gamma-ray measurements were carried out for every soil sample and led to further analyses, post-measurement, combining experimental results and values from the literature to make further estimates, such as 241Pu abundance, within the samples.
AMS results from a single campaign of measurements at ETH Zϋrich of all but two samples have been used to estimate 239Pu, 240Pu, 242Pu, and 236U abundances and the 244-mass isobar in the samples to compare with the other measurements.
3.1. Neutron Results
3.1.1. Parallel Neutron Array
Presented here are the results of measurements made to compare the difference in net neutrons detected in parallel arrays, measuring both background and samples. Parallel arrays consist of two independent neutron detector arrays identical in components and orientation. One array contains the sample to be measured while the other measures the neutron background. Both measurements are carried out over the same time period, so the background neutron counts can be subtracted from the sample neutron counts, theoretically presenting the neutron counts generated from the sample only.
These results are followed by a comparison of the intrinsic differences between the two different MFA and detector set-ups by exchanging the detectors between MFA units. Neutron counts of the background, measured by eight detectors and two MFAs are compared. The two measurements are carried out with the same equipment, but detectors were split into two groups of four and detectors were not exchanged throughout the measurements. The experimental methods for these measurements are described in section 3.4 of the Experimental Methods chapter.
These experiments began by measuring the sample and background neutrons in separate arrays over four-hour periods. This measurement period was chosen as it allowed multiple measurements daily whilst maintaining significant measurements. Hourly measurements were taken early into the project but the counts were consistently too low. The measurements were averaged and then the neutron contribution detected in the background array was subtracted from the neutron measurement made by the sample array. The measurements were carried out on samples DSRL7, 8, 9, and 10, and the results are shown in Figure 17 and Figure 18, for the mean and subtracted cases, respectively.
[bookmark: _Ref31282858]Figure 17 The neutron counts averaged over five, 4-hour measurements of both sample and background detector arrays. Sample array measurements are shown in black, while background measurements are shown in horizontal striped red. All samples but DSRL9 are within error of their ambient background neutron counts but there is a trend toward over response of the background assay relative to the sample.
[image: ]
[bookmark: _Ref31359746]Figure 18 Neutron counts compared across samples following ambient background subtraction from the sample counts. All samples are consistent with zero counts. The figure shows the Figure 17 values following background subtraction.


3.1.2 16-Detector Neutron Array Measurements
Presented here are the results from the measurement of neutrons emitted from most samples studied in the project, using the 16-detector array. The experimental methods for these measurements are described in section 2.2.3 of the Experimental Methods chapter. The neutron measurements of all samples are illustrated, averaged over four, 4-hour counting periods. The average neutron count per detector for each sample is presented, followed by the summed neutron count measured in the entire array per sample. The results in Figure 19 and Figure 20 are normalised to the mass of sample and have the background subtracted. Without subtracting background counts, the measurements may fail to identify any disproportionate neutron counts amongst a campaign of measurements that includes samples of inconsistent mass. Figure 19 and Figure 20 below illustrate this difference following efficiency corrections, normalisation to mass and background subtraction.



[bookmark: _Ref31283038]Figure 19 The background-subtracted neutron counts per four hours per detector measured per kilogram of sample in the 16-detector array. A mass correction to one kilogram was applied to the sample data, along with efficiency corrections and a notional detection efficiency of 1% to account for neutrons missed by the detectors to better reflect sample emission. On-site Dounreay samples are displayed as solid black bars, off-site Dounreay is depicted as a diagonal red striped bar, and other off-site samples are depicted as spotted blue bars.



[bookmark: _Ref31283050]Figure 20 This figure illustrates the differences between the sample and background counts. The neutron counts per four hours per detector array following subtraction of the average background, per kilogram of sample.  A mass correction to one kilogram was applied to the sample data, along with efficiency corrections, accounting for two thirds coverage of the samples by the detectors and a notional detection efficiency of 1% to account for neutrons missed by the detectors to better reflect sample emission. On-site Dounreay samples are depicted by solid black bars, off-site Dounreay is displayed as diagonal red striped bars, and other off-site samples are depicted as spotted blue bars.

 Calculating the background subtracted neutron counts shown in Figure 19 and Figure 20 is insightful as it gives direct estimates for the number of neutrons emitted from each sample. 
In summary, there is some variation in neutron emission between the samples.
However the sample data show little variation from the mean neutron emissions and most samples are consistent with zero neutron counts following background subtraction.
When considering average counts per detector from Figure 19, DSRL4, 5, 9, 10 and DSRLB1 are significantly higher than zero counts following an average background subtraction, whereas all other samples are consistent with or lower than zero. Further, the summed counts per array share a similar trend, with only DSRL9 and 10 demonstrating counts significantly higher than zero after subtracting the background counts.
[bookmark: _Hlk7440387]These figures will be explored in more detail in the discussion in Chapter 4 and compared to results gained from the other measurement methods, which are described in the next section.

3.1.3 Spiked Soil Sample Comparison
	After identifying the minimal radioactivity of the previous samples, the need for a comparison sample became apparent. For this, DSRL provided a spike of 240Pu for the DSRLB2 sample which was split into two smaller samples. One sample remained unchanged, while one had a 45ng spike of 240Pu standard solution added, equivalent to 375.5 Bq for the entire sample, and by extension just over 1 Bq/g activity. The samples were measured following the same method as previous neutron measurements over six, four-hour increments which led to 24 hours total detection time. The 6 cumulative measurements allowed visualisation of the higher rate of neutron detection for the spiked sample than the unchanged sample. The results are given below, in Figure 21.


[bookmark: _Ref31283416]Figure 21 A graph to illustrate the difference in neutrons detected over time, in four-hour increments between a spiked and non-spiked soil sample. The blue points represent the spiked sample neutron counts, while the orange data show the sample without the spike. Each measurement was significantly different to one another, though the error bars are smaller than the data points at 1ơ. The count numbers were normalised per kilogram of soil.
	As can be seen from Figure 21, there is a clear increased rate of neutron detection over the entire 24-hour period for the spiked sample. Each spiked measurement is significantly higher in neutron count than the unchanged sample, showing a clear difference in neutrons detected between the two.


3.2 Gamma Spectra Results
The following results were gained from High Purity Germanium detection of the project samples at CCFE, as described in the Experimental Methods chapter.
Example spectra from the measurements are displayed in Figure 22 to Figure 24, highlighting areas and peaks of interest in DSRL1 and DSRL2. The results following spectral analysis are also displayed, including transformation of the counts to absolute mass concentrations, and use of the Bateman equation to estimate the mass per gram of 241Pu using estimates of the mass of 241Am derived from these data.
The gamma spectra show clear evidence of 241Am in most samples, evidenced by the 59.5 keV peak. Those samples where there was no clear isotope peak were processed in the same way, and so it must be remembered when considering the results, as while there was no discernible peak in some spectra, there may still be high counts in the same energy range due to higher background emissions within the sample.
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[bookmark: _Ref31283524]Figure 22 An example spectrum for DSRL1. The spectrum demonstrates the largest peaks are mainly due to the uranium decay chain isotopes of elements such as bismuth and lead, along with caesium-137 and potassium-40. The spectra shown is corrected for efficiency within LabSOCS.




[image: C:\Users\Christopher\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.MSO\32AE447D.tmp]Energy (keV)
Counts
64
62
60
56
58
43
97
204
252
150
241Am
234Th

[image: C:\Users\Christopher\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.MSO\6505F957.tmp]135
150
120
105
21
85
139
193
247
Energy (keV)
230Th
223Ra
228Ac
Unclear
Unclear
Unclear
Counts

Figure 23 Highlighted peaks of interest taken from DSRL1 spectrum of a 24-hour count. The top image shows the 60 keV 241Am peak in the centre, a small peak but significant enough to identify. The bottom image highlights the 129 keV peak, corresponding to 228Ac of the thorium decay series and 239Pu. Both images show ‘Energy’ (keV) along the x-axis, with ‘Counts’ along the y-axis.
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[bookmark: _Ref31283669]Figure 24 Highlighted peaks of interest taken from DSRL2 spectrum of a 24-hour count. The top image displays the 60 keV 241Am peak in the centre of the image, showing significant counts. The bottom image highlights the 129 keV peak – again in the centre of the image, which corresponds to a combination of 239Pu and 228Ac, the latter of the thorium decay series. Both images show ‘Energy’ (keV) along the x-axis, with ‘Counts’ along the y-axis.


[bookmark: _Hlk2261118]Ambient gamma activity, (measured without a sample in the detector well) was also measured to identify any gamma emissions not related to the samples, from for example, the detector materials and atmospheric radiation. The channel range at which the peaks of interest occurred were identified and the number of counts within these ranges were measured to subtract from the peaks identified within each sample.
Following time corrections and subtraction of the ambient spectrum from each sample spectrum, DSRL10 exhibited the highest counts in the 60 keV 241Am peak at 1310±36, and DSRL7 the lowest at 101±10 gamma-rays detected (rounded to nearest integer).
As seen in the example in Figure 22 there are relatively high counts associated with 40K, at 1460.6 keV which is common in soils, and 137Cs which is expected within any soil sample due to fallout and deposition of radioactivity from reactor accidents, most likely originating from events such as the Chernobyl nuclear disaster.
There is also a significant amount of background radiation in the spectra. It is important to note this background is intrinsic to the soil matrix; as the ambient environmental gamma radiation is minimised by the lead shield that surrounds the germanium crystal of the detector. The ambient background counts amount to a maximum of around 20 counts in each channel at lower energy ranges up to around 500 keV emissions, and continue to reduce as the emission energies increase above 500 keV (not including the 511 keV annihilation peak.
Analysis of the two peak counts across all samples gives estimates of the mass concentrations for 241Am, following background subtraction. These mass concentrations are compared in Figure 25 below. 

[bookmark: _Ref31283758]Figure 25 241Am abundance (fg/g) calculated from the counts measured in the 241Am 59.5 keV peak in the gamma-ray spectra measured using the BEGe detector at CCFE, as described in the Experimental Methods section. Black bars represent samples collected on-site at Dounreay, red bars represent samples collected off-site from the Dounreay locality, while the blue bars represent samples collected by the author in English sites as named. Averages are provided for each of the three sample sets.

The estimates for 241Pu content in the soil are shown below in Figure 26, calculated as described in Section 2.3 of the Experimental Methods chapter.

[bookmark: _Ref31283843]Figure 26 241Pu abundance (fg/g) calculated from 241Am abundances, 241Pu half-life, rate of decay, and Bateman equation utilising a ‘t’ value of 35 years. As a result, the abundances are directly proportional to those of 241Am. Black bars represent samples collected on-site at Dounreay, red bars represent samples collected off-site from the Dounreay locality, while the blue bars represent samples collected by the author at English sites as named.
The quantities in Figure 26 are proportional to those given in the 241Am plot (Figure 25) but estimate values of 241Pu are useful when trying to understand the origin of nuclear material found in the samples, even at low concentrations.
In summary, gamma detection with the BEGe system at CCFE has allowed identification of measurable amounts of 241Am within most samples, at approximately fg/g levels, and estimates of the mass concentrations of 241Pu using americium amounts and methods described in the literature [59][60], again specifying an approximate time since deposition (‘t’ value) of 35 years. 
These amounts are compared in the discussion combined with both neutron counts presented previously, and AMS measurements which are presented in the next section of this chapter.


3.3 Accelerator Mass Spectrometry Measurements

Following the HPGe detection, the need for a complementary assessment of the plutonium isotopes in the soil was identified. The literature shows that accelerator mass spectrometric methods are amongst the most sensitive methods for quantifying picogram-and-below levels of radionuclides [64][65][26]. Accelerator Mass Spectrometry (AMS) is described in the Experimental Methods in section 3.8. The AMS measurements were carried out at ETH Zϋrich.
The results of the AMS measurements are presented in Figure 27 to Figure 29 as mass concentrations per gram of sample of 239Pu, 240Pu, 242Pu and 236U. As the ratio of plutonium-240Pu/239Pu is also an established marker for plutonium contamination, it is presented and compared to the global average value in Figure 30, including the average value calculated for the samples of the project.
Figure 27 displays a general consistency of 239Pu values across the samples, with the clearest differences from the average being significant in the samples DSRL3, DSRL8, and Malham and Biggin. DSRL3 demonstrates roughly double the average amount of 239Pu within every sample at 1001±30 fg/g, while DSRL8 shows roughly half at 289±9 fg/g. Interestingly, Malham and Biggin demonstrate much lower amounts of 239Pu than the rest of the samples at 341±10 fg/g and 428±13 fg/g respectively, but not to the same extent as DSRL8. There is a large range in the 239Pu mass across all samples, with the highest variation being within the DSRL samples. The average 239Pu mass concentration across all samples is 544±60 fg/g.
The 242Pu values shown in Figure 28 show a much lower range of values, but with the same samples showing maximum and minimum measurements as in Figure 27, to a high degree of significance, with DSRL3 at 4.1±0.2 fg/g and DSRL8 at 1.1±0.1 fg/g.
The same general trend continues in Figure 29 for the 240Pu concentrations, with the main point of note being the difference in Malham’s ranking in the figure. Malham contains 240Pu comparable to the average of all samples presented, while its 239Pu content is one of the lowest, though still consistent with the overall sample set average at 3-sigma.
Figure 30 compares all samples to the global average 240Pu /239Pu ratio of 0.176±0.014 [66] with the averages for each sample type in the figure legend.
Far-From-Site Avg: 384±16 fg/g
On-Site Avg: 571±52 fg/g
Off-Site: 620±18 fg/g

[bookmark: _Ref31284355]Figure 27 Abundances of 239Pu as measured with the AMS system at ETH Zϋrich. Further details are described in the Experimental Methods section. Solid black bars represent samples collected on-site at Dounreay, red striped bars represent samples collected off-site from the Dounreay locality, while the blue dotted bars represent samples collected by the author in English sites as named.
Off-Site: 2.1±0.3 fg/g
Far-From-Site Avg: 1.6±0.3 fg/g
On-Site Avg: 2.2±0.4 fg/g


[bookmark: _Ref31284399]Figure 28 Abundances of 242Pu as measured with the AMS system at ETH Zϋrich. Further details are described in the Experimental Methods section. Solid black bars represent samples collected on-site at Dounreay, red striped bars represent samples collected off-site from the Dounreay locality, while the blue dotted bars represent samples collected by the author in English sites as named. As 242Pu was added as the plutonium tracer for the AMS measurements, the amount of tracer added was taken into account during post-processing.


Far-From-Site Avg: 63±3 fg/g
Off-Site: 66±2 fg/g
On-Site Avg: 69±6 fg/g

[bookmark: _Ref31284336]Figure 29 Abundances of 240Pu as measured with the AMS system at ETH Zϋrich. Further details are described in the Experimental Methods section. Solid black bars represent samples collected on-site at Dounreay, red striped bars represent samples collected off-site from the Dounreay locality, while the blue dotted bars represent samples collected by the author in English sites as named.

0.13±0.01
0.18±0.01

[bookmark: _Ref31284366]Figure 30 Measured 240Pu/239Pu ratios across project samples using AMS. Black bars represent the samples on-site at Dounreay, the red striped bar is off-site at Dounreay. Blue dotted bars represent English samples collected by the author. Average ratios are also shown as horizontal lines in black and red. The black horizontal line represents the global average plutonium-240/239 ratio of 0.18±0.01 [66], while the red represents the project’s sample average of 0.13±0.01.
The average ratio across the on-site samples (black bars) is 0.123±0.011, the off-site average (one sample) is 0.106±0.003 (red striped bar) and the far-from-site average (blue dotted bars) is 0.167±0.007.
In summary, DSRL3 has the highest mass per gram of sample of all plutonium isotopes measured with the AMS system, while DSRL8 has the lowest. 
Some 240Pu/239Pu ratios measured are significantly different to the global average ratio. Of those samples measured for the project, DSRL3, DSRLB1 and Malham are significantly different to the average ratio of the project samples, while all others were within error of the sample average. Malham was much higher than both the sample average ratio and the global average ratio. The AMS results did not include those of DSRL7 and DSRLB2 as in the other measurements as they were put aside to be spiked for further measurements prior to the AMS opportunity. Overall, the average sample ratio is uniformly lower than the global average, throughout.
Chapter 4
4. Discussion
This chapter focusses on the interpretation of the results recorded from each measurement approach, discussed in turn, followed by a combined discussion and summary of the main findings.
Overall, the results show that the soil samples taken from Dounreay are consistent with average global radionuclide abundances and lower than the plutonium ratios, which suggest the material’s origin is primarily fallout. AMS identified actinide levels within the samples to a high sensitivity and facilitated comparisons between project samples and global samples reported within the literature from varied sites around the northern and southern hemispheres. 
Neutron measurement of a spiked off-site DSRL sample did identify significant differences between a sample spiked with 45 ng of 240Pu (equating to around 1 Bq/g) and a non-spiked sample. The neutron measurements of the original DSRL samples are consistent with the AMS findings as the AMS-derived 240Pu is shown to be much lower than the 45 ng spike, though the radionuclide abundance within the samples was too low to exhibit a significant enough neutron emission to distinguish between the project samples using only neutron emission. The significant differences shown in the 239Pu measurements between samples were not expressed in the neutron results, this is expected however as 239Pu is primarily an alpha emitter, with low neutron emission expected from the isotope when not in an active environment. If the differences between samples were seen in 240Pu instead of 239Pu, a variance in the neutron emission would be expected between the two samples.
Gamma measurements confirmed that the use of a high-resolution BEGe detector was not effective at identifying plutonium levels in the Dounreay samples of low plutonium character due to the presence of natural uranium and its subsequent decay products, though the 241Am level can be measured through this method, and the 241Pu estimated.

4.1. Neutron Detection
4.1.1 Parallel Detector Array Measurement
Parallel detector arrays offer a novel opportunity to directly compare the ambient neutron background counts with the sample array counts under the same conditions.
The results of the parallel array set-up showed no significant difference between the background and sample arrays, as the difference averages to zero, within errors. Indicating that either the soil matrix contains less activity than can be identified with the current 4-detector arrays, or that there is specifically very little neutron emitting material in the samples. 
During investigation, the atmospheric background neutron counts measured by both detector arrays were compared and a deficit was found in the counts of the sample array, while the background array displayed consistently higher counts. The difference was likely caused by intrinsic variations in the detector material such as the volume or PMT multiplication effectiveness.
It is not possible to remove all the discrepancies in the array responses without calculating averages of the measurements, so it was deemed more beneficial to carry out the same calculations but with a single, higher efficiency array, and then compare the sample counts to background counts – with and without subtraction of an average measured neutron background.

4.1.2 16 – Detector Array Measurement
Following the comparison of parallel neutron detector arrays, a larger, higher-efficiency detector array was proposed to measure the differences in neutron emission between samples. 
The background subtracted results in Figure 19 show that the neutron emission of most of the study samples is consistent with background. When considering the average neutron counts per detector, only five samples, DSRL4, 5, 9, 10 and DSRLB1 were consistently above background levels with DSRL10 demonstrating the highest, with an average neutron count of 9436±1065 following background subtraction. The remaining results that were significantly higher than background are shown in Table 1.
	Sample
	DSRL4
	DSRL5
	DSRL9
	DSRL10
	DSRLB1

	Neutron count per detector /kg sample mass
	4260 ±915
	5060 ±1198
	8986 ±1208
	9436 ±1065
	2994 ±803


[bookmark: _Ref31286729][bookmark: _Ref31284983]Table 1 Samples that have positive average neutron count per detector, following a correction for an assumed detection efficiency of 1% and the average background subtraction
Five of the fourteen samples are distinguishable from background when considering average neutron counts per detector, following background subtraction (shown in Table 1 Samples that have positive average neutron count per detector, following a correction for an assumed detection efficiency of 1% and the average background subtraction), and only two samples were significantly above background in the summed counts measurements in Figure 20. A correction was applied to the neutron counts to ascertain an estimate for the neutron emission from the samples. Without a correction, the neutron counts will be underrepresenting the reality emitted from the sample in the measurement period due to efficiency losses due to the array geometry.
It can be deduced from the results that the current neutron measurement technique alone is not sensitive enough to distinguish the emission of every sample from that of natural background, or that there is no measurable difference between ten of the samples and the natural background neutron emission.
It is possible that many of neutron counts measured in the detection period are of cosmic origin (as most samples are consistent with the background counts) as this is known to be significant, though Feige et al [40] estimate numbers much lower even per year, than what is seen over the course of a four hour measurement. With this difference to the literature in mind, it is also worth noting that it is possible that not all counts are genuine in each measurement. Various published reports allude to the potential for cross-talk between the detectors, which can contribute to up to 40% of counts. Cross-talk refers to the potential for a neutron to be detected multiple times in an array. This effect can increase as the distance between detectors decreases [67] [50]. Cross-talk is a significant factor to consider within the 16-detector array due to the close configuration of the detectors, as depicted in the Experimental Methods. This could mean that atmospheric neutrons are also being counted multiple times, further masking the sample counts, which suggests that a comparative measurement of the atmospheric background neutrons is important. This being said, Sarwar et al, while extremely relevant to the study due to their use of almost identical equipment, has a much higher neutron flux throughout their measurements due to the use of high neutron emission sources such as californium-252. In contrast, this project observes neutron flux around background levels so will see lower levels of neutron scatter and therefore lower levels of cross-talk.
Quantification of the actinide abundance within each sample using AMS allowed calculation of estimated neutron emission over the four-hour count times. This was based on the spontaneous fission and (α,n) emission rates for isotopes 239-242 of plutonium, as well as  241Am and 236U, these theoretical neutron emissions are compared to the samples’ measured neutron emissions. The AMS-derived neutron emission is displayed below in Figure 31.
[bookmark: _Ref31361493]Figure 31 The figure above displays the estimated theoretical neutron emission over four hours from the isotopes that were measured by AMS within each sample, as well as the 241Am and 241Pu which were calculated via gamma spectrometry. The calculations are based on knowledge of the mass concentrations of 239Pu, 240Pu, 241Pu, 242Pu, 241Am, and 236U.
As can be seen from comparison of Figure 31 and Figure 20 of the Results chapter, there is a difference of four orders of magnitude between the measured and theoretical neutron emissions. Further, when we compare Figure 31 and Table 1, the trend shown in Table 1 with samples DSRL4, 5, 9, 10, and B1 is not mirrored in Figure 31 – the theoretical neutron emission based on AMS data.
These comparisons could suggest that there are more neutron emission events at play within the samples than first perceived in these theoretical calculations. One explanation could be that many of the neutrons are released from varied isotopes within the uranium decay chain during spontaneous fission or even induced fission events, rather than release from the plutonium isotopes considered. On the other hand, the AMS derived theoretical neutron emissions are of the same order of magnitude as the measured sample emissions before corrections were applied. This could mean that an over correction was applied to the measured neutron counts – though this is unlikely as it is known that the detectors have much less than 100% efficiency, and the samples were not fully covered by detectors in terms of solid angle. The most plausible explanation for the differences seen between the Table 1 data and Figure 31 data is that the levels of plutonium isotopes are totally masked by a combined neutron contribution of the uranium decay chain products, and atmospheric neutrons of cosmic origin. The levels of plutonium measured via AMS are almost certainly below the minimum detectable amount for neutron counting.
The differences between the samples’ neutron counts shown in Table 1 may also be explained by fluctuations in the cosmic neutron contribution, which, as mentioned previously is known to be highly variable and affected by meteorological phenomenon such as substantial cloud cover.
A potential solution that could be more valid for industrial users is the adoption of much larger sample sizes. Based on the previous statements in this section, one of the major limitations of the 16-detector array is the low geometric efficiency. For each of the 16 detectors, only one of the 5 active detector faces is exposed to the samples. A simple, but expensive solution would be the adoption of much larger sample sizes that would allow burial (of a sort) of the detectors within the samples during a measurement. This would have the benefit of increasing the geometric efficiency, whilst increasing the shielding (albeit little) of the detectors from cosmic neutrons. The adoption of this methodology could have benefitted this work, but was logistically difficult when considering the origin of the soil samples (Dounreay), with regards to access within the Dounreay site, or transport of such large volumes of soil such great distances.

[bookmark: _Hlk531457361]4.1.3 240Pu Spike
The neutron results for the 240Pu spiked samples showed a significant difference in neutron counts between the spiked and non-spiked sample at every 4-hour measurement point over a 24-hour measurement period.
While there were significant differences between spiked and non-spiked samples, the differences cannot be fully explained by this research nor by reference to the literature. Calculations for the neutron emission from the 45 ng 240Pu spike demonstrate a spontaneous fission neutron emission of 0.66 neutrons per sample over a 4-hour measurement. This calculation was based on a rate of release of 1020 g-1s-1 spontaneous fission neutrons for 240Pu [39]. With the minimum estimate for the neutron background reported by Heusser (1996)[41], discussed earlier, the theoretical difference between the samples due to 240Pu presented here could be completely hidden by the counting error of atmospheric background alone. Judging from these differences it can be concluded that there are mechanisms at play that have not been fully understood as part of this project. A possible explanation is that (α,n) reactions are one of the principal mechanisms in the neutron emission from 240Pu, not just the spontaneous fission. 240Pu has an emission intensity of almost 100% alpha particles, all of which are over 5 MeV in energy and in low-Z material (nitrogen, carbon etc.). These (α,n) neutrons are not taken into account by the spontaneous fission calculations used to estimate the 240Pu neutron emission, which could account for some of the difference in neutron emission between spiked and natural samples [40].
Cross-talk is again another potentially contributing systematic interference that can occur within this system. Whilst cross-talk could be a systemic interference, it is likely to affect both samples in the same way. This suggests it should not be a huge consideration when differentiating between two different samples, but it should be acknowledged that if one sample emits significantly more high-energy neutrons, there is a possibility that this could cause more cross-talk as the neutrons are likely to continue moving between detectors before they are fully moderated. This is again unlikely though in a sample of relatively low 240Pu abundance like ‘DSRLB2Spiked’ (when compared to most radioactive material).
An extra consideration for the experimental procedure is the adoption of high-density polyethylene (HDPE) as neutron shielding material, as has been used in previous measurement methods. The HDPE may reduce the cosmic neutron contribution (as previously mentioned) to the sample measurements. HDPE has been shown to moderate neutrons significantly at specific thicknesses [68]. This material was adopted in early experiments as a method to separate parallel arrays, and to act as a base for all experimental measurements. But the HPDE was adopted only as a base in the 16-detector measurement method due to limitations in the size of sheets that would cover the detector array, as well as the difficulty of removing the surface sheet when replacing samples for measurement. As the 16-detector array encompasses around 60cm2 in area, the sheet would have to be at least this size to be effective, this would be difficult to move without disturbing the detector array. 
Any physical disturbances would require a fresh calibration which, in this work, can take up to a week to configure, and time for the scintillant liquid to settle, as shown by work carried out by Dr. Vytautas Astromskas [51] in the Engineering department at Lancaster, utilising identical equipment. Such disturbances could lead to impractical increases in experimental set-up time and were therefore avoided.

4.1.4 Neutron Summary
Parallel detector arrays offer a novel opportunity to directly compare the ambient neutron background counts to the counts measured from the sample array. The comparisons between the two in this work show a lower neutron count from the sample arrays than the background arrays – with values of 1024±65 and 1433±63 respectively, and are statistically significant at three-sigma. That being said, when comparing the ambient background counts between both detector arrays there is a deficit in the counts of the array used for the samples, and a higher count in the array used for the background measurements.
The results of the dual array set-ups showed that the samples measured were within error of one another in terms of neutrons counted over 4-hour periods. They indicated that the soil matrix contains materials of a lower neutron emitting character than can be identified within the current 4-detector arrays due to a lack of detector efficiency, i.e. they are not sensitive enough.
Overall, the neutron assay methods identified differences between sample neutron emission, especially between the separately measured spiked and natural samples. However, it is acknowledged that the mechanics behind these differences are not fully understood. Indeed, cosmic background neutrons can fluctuate significantly day-to-day, potentially causing a significant difference to measurements in the 16-detector set-up. In an ideal situation there would be an identical, parallel array isolated from the sample array to provide a background subtraction for each individual measurement. Full HDPE shielding was not possible in the project at this time due to the significant difficulty in handling and placing such an amount of heavy material but will be put forward as a consideration for future work.
The adoption of a higher efficiency measurement geometry including greater masses of sample could also have benefitted the project, but due to logistical difficulties these were not plausible as alternatives over the short project timeline.
Judging from the presented work, neutron measurements can certainly distinguish between samples with an average activity of more than 1 Bq/g based on the 240Pu spiked data.

4.2 Gamma-ray Spectrometry
The gamma-ray spectrometry gave expected results overall; displaying many uranium decay products alongside other ubiquitous, environmental radionuclide emissions. One of only two obvious evidences of plutonium isotopes was that of the 129 keV gamma-ray emission that is indicative of both 239Pu and 228Ac. The other was the 59.5 keV gamma-ray emission from 241Am. As was earlier anticipated, no other plutonium peaks were sufficiently free from contamination in the spectra, which is likely due to the high amount of uranium and thorium-derived background present within the samples, eclipsing the low concentrations of plutonium. The uranium decay chain has multiple decay products across these spectra, with many primordial gamma-ray emitters flooding the lower energy channels in counts such as 238U, 210Pb and various thorium isotopes.
The high proportion of gamma-ray emitters of uranium origin effectively hide the emissions of plutonium origin that may otherwise be observed. The emission of 59.5 keV is reported widely in the prior art, which shows a wealth of information regarding its measurement within gamma-ray spectra [20][62]. In environmental samples, 241Am is usually indicative of some form of nuclear contamination. It is produced when 241Pu is formed as an activation product of neutron capture in the nuclear fuel cycle and in atmospheric weapon tests. The 241Pu isotope decays to form 241Am following beta emission. 241Am can be hazardous to human health when ingested, due to its emission of high-energy alpha particles and as a daughter product of 241Pu it is an important isotope to keep track of in decommissioning scenarios. As 241Pu is also a common deposit from fallout, it means that 241Am cannot be used directly as a pure tracer for the deposition of plutonium by the Dounreay site. Instead, the 241Am can be used to gain an estimate for the original amount of 241Pu deposited, when adopting an assumed age of contamination. This information can be used to inform the origin of the isotope based on the original activity or concentration and comparing it to nuclear events when such knowledge is available.
The Malham sample exhibited the highest abundance of 241Am closely followed by that of DSRL10. Further, the average abundance of 241Am far from site was higher than the DSRL average. The lower abundance of 241Am on the Dounreay site suggests that the northern latitude may have experienced less 241Pu fallout than areas further south such as Malham and Biggin, though the higher sample on-site could be located nearer a known effluent leak. It is plausible to assume that Malham demonstrates the highest 241Am levels due to its higher elevation than other samples presented. DSRL samples are all taken from around sea level, while Malham was sampled in the Yorkshire dales Pennine moorland. This area is high, and relatively barren. These variables could create conditions for fallout event clouds to deposit greater amounts of material at such a location.
Another potential explanation for the differences in the 241Am abundance between Malham and the other sample sites could be due to chelation (or lack thereof) of the 241Am within soils by humic acids [69]. Humic acids are produced through the degradation of humic material (organic matter) [70]. While the Malham site was significantly more barren than the Biggin site, the difference in 241Am abundance between the two would not be explained by a significantly lower level of humic acid chelation of 241Am at the Malham site. The assumed lower levels of humic acid at Malham would suggest greater movement of 241Am through groundwater movement, in that it is less tightly bound to the soils that were sampled, and therefore a lower abundance of 241Am at the Malham site.
Methodologically, when retrospectively considering the use of either the BEGe or the SAGe detectors, the SAGe may have been a better choice due to the relatively inactive samples. The original decision was made to use the BEGe due to its greater resolution across the gamma spectrum and still remains a valid point. However, while the samples were generally quite inactive, it may have been more beneficial to use the SAGe detector due to the differences in geometry and the proximity of the samples to the detector crystals. The BEGe geometry meant that only a small fraction of each sample was adjacent to the detector crystal, and further, the sample size was limited to a 100 ml beaker. The SAGe however allowed the use of Marinelli beakers, which had a greater sample capacity of approximately 1.5 litres, and while the SAGe is a well-type detector, would mean that more of the soil in a sample would be adjacent to the detector crystal during detection. These factors would likely create an increase in sensitivity in the SAGe system great enough to exceed the benefits of the greater resolution found in the BEGe system.
In summary, when taking only the gamma-ray spectrometry measurements into account, it can be concluded that the 241Am abundance is measurable but less significant than elsewhere in the UK. Americium levels are consistent with global fallout, and the differences between the Malham and Biggin sites are not fully understood at this time, though seem likely to be more significantly affected by geographical location and elevation than localised releases of radionuclides. Further, measurement of the samples using the SAGe high purity germanium detector may have provided higher measurements of 241Am due to the potential increase in sensitivity when compared to the BEGe detector. Ultimately, no conclusions should be made on the 239Pu content within the samples based solely on the 129 keV gamma line due to the significant contamination by 228Ac, derived from 232Th.
4.3 Accelerator Mass Spectrometry
The use of AMS identified abundances of actinides of interest (239Pu, 240Pu, 242Pu, and 236U) in each sample which were converted to mass concentrations per gram of soil. This information further builds the picture of the anthropogenic content of the samples to verify (or otherwise) the gamma spectrometry and neutron emission measurements. 236U was found in picogram quantities per gram of sample, while all plutonium isotopes were found in a varying range of femtogram quantities per gram of sample, suggesting low plutonium contamination of each sample when compared to global abundances of these isotopes and suggesting fallout as the main mechanism for the contamination present. When compared to other published sample measurements of background levels of 239Pu and 240Pu, this project’s measurements are consistent with Quinto et al.’s [71] measured range of “~100 to 1000 fg/g” of 239Pu and “~10 to 100 fg/g” of 240Pu, as well as others [72].
4.3.1 239Pu
All but two DSRL samples are consistent with one another in 239Pu abundance: DSRL3 and DSRL8 differ significantly from the sample trend. The average 239Pu abundance for the sample set is 544±60 fg/g (~1.35 Bq/kg). DSRL3 is almost double the average for the sample set at 1000±30 fg/g (~2.48 Bq/kg), while DSRL8 is just over half the average at 289±9 fg/g (~0.72 Bq/kg).
Malham and Biggin are significantly lower for 239Pu than most DSRL samples at abundances of 340±11 fg/g (~0.84 Bq/kg) and 428±13 fg/g (~1.06 Bq/kg), respectively.
At 620±19 fg/g (~1.54 Bq/kg), DSRLB1 (the off-site sample) has a slightly higher 239Pu abundance than most of the samples, but is within error of the average for the sample set.
It appears, from the data, that most of the samples are expressing fallout levels of 239Pu, with DSRL samples exhibiting slightly higher than Malham and Biggin, potentially boosted by dispersion from activities on site and the high natural uranium in the local geology facilitating neutron capture on 238U. DSRL3 may be sampled from an area close to an area of greater dispersion, or just an area prone to collection of material or preferential binding of plutonium [69], such as a low lying piece of land below a slope. Alternatively, the sample site could be near an area high in material that preferentially binds Pu. More information on the sample sites are needed for confirmation. DSRL8’s lower 239Pu abundance could simply be due to a sampling site on a higher area of land, exposed to a greater potential run-off, which would fit with the knowledge of the Malham sample site. DSRL8 could also have been sampled from the site of a previous building, which may have been removed during the decommissioning process. Coverage by a structure could have reduced the incident 239Pu deposition from either site activities, fallout, or both.
Malham and Biggin were sampled approximately 500 miles from Dounreay, so may have been subjected to slightly different levels of fallout. The differences between the two are also likely caused by the different elevations and environment at each site. The Biggin sample site was lower lying and more sheltered, while Malham was taken from a higher elevation, which was rockier due to the aforementioned underlying granite, and prone to more extreme conditions.
With an average estimated 239Pu mass per gram of the project soil samples at 544±60 fg/g (~1.34 Bq/kg), the average sample value is consistent with previously reported values of 239Pu stemming back to 1951, in Levine and Seaborg’s measurement of 550 fg/g (~1.36 Bq/kg) in Canadian pitchblende [72]. This correlation fits with the knowledge that the sample areas are all areas of high natural uranium. Other 239Pu masses reported in the literature range from a lower extreme of 6 fg/g (~0.01 Bq/kg) to 20 fg/g (~0.05 Bq/kg) in the southern hemisphere [73] to the maximum of 67±1 pg/g (~166 Bq/kg) [12] at Semipalatinsk test site, Kazakhstan. The low 239Pu masses reported in the Southern Hemisphere are thought to be due to significantly fewer weapons tests performed in this part of the world, while the high 239Pu mass of 67.1 pg/g was measured from soil collected from the Semipalatinsk-21 site in Kazakhstan - the primary testing venue for the Soviet Union’s nuclear weapons. These measurement ranges are more extreme than reported by Armstrong et al (2015) of 100 fg/g (~0.25 Bq/kg) to 5 pg/g (~12.40 Bq/kg), on the Savannah River Site from samples taken from worker’s boot scrapings over eleven years [74]. The average 239Pu mass concentrations presented in this research also fall comfortably within the range of world fallout levels of 7 fg/g (~0.02 Bq/kg) to 1.6 pg/g (~3.97 Bq/kg), presented by Harley in his 1980 review [75]. Other measurements carried out by Curtis et al (1999) [76] on soil samples taken from Cigar Lake and Koongarra in Australia support the standards with a range of 2 fg/g (~0.005 Bq/kg) to 6200 fg/g (~15.37 Bq/kg) of 239Pu.
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Figure 32 This figure provides a graphical comparison of this work to the prior art. As explained within the figure, the comparison index is a ratio of this work to the prior art [76][75][73][74][77][78][79][72]. The figure is a slide taken from the presentation of the work at Plutonium Futures, San Diego, 2018 [80]
Further, Kelley et al report 239Pu measurements of soil samples taken from Wick, Scotland, which measure at 1.29±0.02 pg/g (~3.20 Bq/kg) 239Pu abundance [78], more than double the average reported on the Dounreay site.
Lake Ontario sediments measured by Green et al demonstrate a lower range of 239Pu abundance at 2 fg/g (~0.005 Bq/kg) to 200 fg/g (~0.50 Bq/kg) [77]. The difference is expected as Green’s samples were Lake sediments, and so unlikely to have the same levels of fallout deposition as soil samples like those at Dounreay or the Savannah River Site.
Overall, the samples measured fit into the ranges of 239Pu abundance caused by nuclear fallout, as demonstrated by many examples from the literature.
4.3.2 240Pu
The absolute mass of 240Pu in samples is not widely published as a less common isotope, and it is usually combined with the mass of 239Pu to give a ratio.
240Pu measurements demonstrate the same general trend to 239Pu measurements. Of the entire sample set, all but two (DSRL3 and DSRL8) are consistent with one another. As before, DSRL3 has the highest level with a 240Pu abundance of 93±3 fg/g (~0.83 Bq/kg), while DSRL8 has the lowest significantly at 37±1 fg/g (~0.33 Bq/kg). The average of all samples is 68±7 fg/g (~0.60 Bq/kg). The 240Pu abundance in the Biggin samples is also significantly lower than most of the samples at 58±2 fg/g (~0.52 Bq/kg).
Quinto et al [71] measured plutonium amounts in an ombrotrophic bog core using AMS and found plutonium concentrations “at femtogram (1x10-15) and attogram (1x10-18) levels”. Quinto et al.’s measurements are consistent with this work and suggests the 240Pu in the samples is of fallout origin. Few other conclusions can be made when considering the mass of 240Pu alone, so will be considered combined with other results later.
4.3.3 242Pu
Little variation is shown in 242Pu abundance across the project samples and a similar trend is again shown as for the lighter isotopes. All DSRL samples are consistent with one another except DSRL3 and DSRL8, which are significantly higher and lower than the sample set average, respectively. The overall sample average sits at 2.1±0.6 fg/g (~3.04x10-4 Bq/kg) of 242Pu, while 242Pu abundance in DSRL3 is 4.1±0.2 fg/g (~5.96 x10-4 Bq/kg) and 1.10±0.06 fg/g (~1.60 x10-4 Bq/kg) in DSRL8. Malham and Biggin both demonstrate 242Pu abundances of 1.6±0.2 fg/g (~2.33 x10-4 Bq/kg). 
242Pu is an anthropogenic isotope generally created within nuclear reactors. The origin of 242Pu suggests that Malham and Biggin have been subject to lower fallout from high neutron flux origins, likely from weapons tests, when compared to the Dounreay samples, unless the Dounreay area has had consistent contamination events at similar levels of 242Pu abundance. The former is unlikely as the DSRLB1 (offsite) sample demonstrates similar levels to those on-site. It is possible that the increased 242Pu at Dounreay relative to the samples far-from-site (Malham and Biggin) could be due in part to the Soviet weapons tests at Novaya Zemlya in the arctic circle. The levels of influence are currently unclear, though some literature shows that the area surrounding Novaya Zemlya exhibits higher levels of plutonium abundance, and as the distance from the site increases, the levels of plutonium decrease [81]. This is not directly related to airborne contamination, which would be the main method of contamination if Dounreay were impacted by these tests, as the measurements were carried out on sea ice samples. They do however paint a similar picture in terms of the possibility of contamination by Novaya Zemlya tests, and the confirmation that the emissions from that site are measurable, even though most of the tests were subterranean.
Comparison of soils measured from the Semipalatinsk test site in Kazakhstan [12] demonstrate higher levels of 242Pu, in the range 4.0±0.3 (~5.82 x10-4 Bq/kg) to 5.4±0.4 fg/g (~7.85 x10-4) compare to the average of 2.1 fg/g (~3.05 x10-4 Bq/kg) over the entire project sample set. The Semipalatinsk samples are expected to be higher in 242Pu abundance than Dounreay samples as nuclear weapons tests create a high neutron flux, increasing the proportion of higher-mass plutonium isotopes formed. Like 240Pu, 242Pu abundance alone can provide significant information that contamination is present, but cannot conclusively inform the origin of the material further than a significantly high abundance of 242Pu suggests weapons origin, but conclusions of origin are possible when 242Pu association with 239Pu is considered as a ratio.
4.3.4 236U
The sample abundance of 236U does not exhibit a specific trend, with some variation between samples. DSRL6 demonstrates the highest levels of 236U at 143±27 pg/g (~0.333 Bq/kg) while DSRL8 demonstrates the lowest yet again, at 40±10 pg/g (~9.32x10-2 Bq/kg).
Chamizo et al measured the 236U abundance in IAEA standard samples with the 1 MV AMS system at the Centro Nacional De Acceledores (Seville, Spain)[82]. The samples were made up of sediment and soils and were consistent in 236U abundance to the Dounreay samples, which averaged 84±53 pg/g (~0.196 Bq/kg) due to the high error margins.
The highest measurement Chamizo made of 236U abundance was from the IAEA-410 soil sample, from Bikini Atoll of 225±8 (x 106 atoms/g). When converted to mass (using the 236U atomic mass and Avogadro’s constant) this translates to an absolute mass value of 88±1 fg/g (~2.05x10-4 Bq/kg) – three orders of magnitude lower than the Dounreay average. The IAEA sample from Bikini Atoll has of course been influenced by the detonation of 23 nuclear devices by the United States and so is expected to be higher than the UK samples.
This is an interesting result as it suggests that there could be a source of anthropogenic contamination originating from the Dounreay site, greater than that seen from a thermonuclear test site. This however does not consider the comparatively high levels of both the off-site ‘DSRLB1’ and ‘Biggin’ samples. It is possible for some historical contamination on-site to potentially have been carried off-site (i.e. DSRL -> DSRLB1), but improbable for the same contamination to migrate ~500 miles to the Biggin sample site.
The report published by Salmani-Ghabeshi et al (2018) demonstrates similar values to those published by Chamizo et al with their lowest values of approximately 0.7 fg/g (~1.63x10-6 Bq/kg), ranging to their highest taken from Bikini Atoll, of approximately 135 fg/g (~3.15x10-4 Bq/kg)[73].
It is important to reiterate that the 236U values in this study are approximate estimates due to potential sampling errors highlighted by the staff at ETH Zϋrich, hence the high uncertainties, but they still allow some informed comparison between samples from this project and those of the others.
Overall the results confirm high levels of 236U in the project samples. This is possible in the samples as all are collected from areas of high natural uranium abundance, relative to the average in the UK, though there is a high chance that mistakes made within the methodology concerning the AMS preparation impacted the results. This is particularly highlighted with the comparison to Bikini Atoll samples. Due to the uncertainties in the 236U measurements it is not prudent to use these data to make any conclusions and it would be recommended to carry out repeat measurements for certainty.

4.3.5 Isotopic Ratios
Calculation of the ratios between the abundances of plutonium isotopes can provide more detailed information on the origin of nuclear materials. The ratios of plutonium isotopes can act as fingerprints to help identify the origin of nuclear material at a sample site.
The relationship between actinide isotope abundances is typically expressed as a ratio, and these ratios have been calculated over many different analyses to provide global average values, including materials from anthropogenic and primordial sources. The global fallout ratio values are important to consider as they represent ubiquitous anthropogenic contamination and therefore without this any material discovered on a site could be identified as site contamination without proper consideration of the wider picture. This is important for sites such as Dounreay, as the acknowledgement of ubiquitous contamination means these sites can identify justifiable amounts of isotopes of fallout origin, as long as they are within error of the global fallout ratio value.
The global averages of some plutonium isotopic ratios are displayed in Table 2 below.  The isotopic ratios of project samples will be explored in light of these global averages in turn, followed by a combined discussion and conclusion.


	Isotope Ratio
	Global Average [Source]

	236U/239Pu
	0.23 ±0.02 [83] - Fallout

	240Pu/239Pu
	0.176 ±0.1 [66]

	241Pu/239Pu
	0.00139 ±0.00007 [64] - Fallout

	242Pu/239Pu
	0.0041 ±0.0006 [12]


[bookmark: _Ref31286472]Table 2 The main global average plutonium isotopic ratios that relate to this work. The values denoted by “Fallout” relate to the fact that the sample areas could have had no possible other contribution than global fallout as mentioned by the authors.
4.3.5.1 236U/239Pu
Srncik et al discuss the limited data on the 236U/239Pu ratio in the literature [84], which also applies to this discussion.  As mentioned in Table 2, Sakaguchi et al. report a ratio value for fallout of 0.23±0.02 [83]. The samples measured from the Dounreay site expressed much higher ratios than this with an average of 134±16. The 236U abundances within the samples were extremely high, along with uncharacteristically high errors for the methods used, which caused concerns of possible contamination of the samples. Due to the limited time to access the apparatus a second measurement was not possible, and so the 236U/239Pu ratio will be considered no further in this discussion.


4.3.5.2 240Pu/239Pu
Krey et al reported a global average 240Pu/239Pu ratio of 0.176±0.014 [66]. The average 240Pu/239Pu ratios of this project’s samples are displayed in Table 3 below.
	Area
	240Pu/239Pu ratio

	On-site
	0.125 ±0.004

	Off-site
	0.106 ±0.003

	Away from site
	0.167 ±0.007


[bookmark: _Ref31286453]Table 3 The 240Pu/239Pu ratios of the different samples in this study, differentiated by sampling site.
As shown, both sample sets from Dounreay, on-site and off-site show a ratio of 240Pu/239Pu significantly lower than that of the global average, while the sample average collected ‘away from site’ in Derbyshire and Yorkshire is consistent with the global value. The values are displayed in Figure 33. 



[bookmark: _Ref31286431]Figure 33 240Pu/239Pu ratios compared between multiple global sites of differing radioactive material origin, including the three sample areas from the project [64][85][86][87][88][89]. Samples; “Away”, “Offsite”, “Onsite”, and “Our Average” are all sample measurements produced as part of this project and are outlined in black for clarity. All samples presented were soil samples, other than the ‘Sellafield’ sample, which is Irish Sea sediment contaminated by Sellafield waste emissions.
Judging from Figure 33, it is likely that the plutonium content within the ‘away from site’ samples originates from ubiquitous fallout plutonium, with slight changes to the global values caused by the increased elevation and geography of the sample area. The Dounreay sample averages are not consistent with other published measurements of samples from the UK. Samples from Irish Sea sediment (originating from Sellafield site) measured by Steier et al [64] are significantly higher than both Dounreay samples and the global average, suggesting typically higher 240Pu (as was expected) or lower 239Pu concentrations (which is more likely). This trend continues with measurements carried out of soil with material originating from the “Ivy Mike” weapons tests [85]. They measured a 240Pu/239Pu ratio of 0.363. Further measurements were made of Chernobyl debris [86], giving a ratio range of 0.186 - 0.348. The significant difference between the previous two measurements and the Dounreay samples gives confidence that the material detected in the Dounreay samples is unlikely to originate from a single significant event like that of a weapons test or plant failure, though, as Srncik states [87], a low isotopic ratio (like that seen in the DSRL samples) is associated to low burn-up material, which is characteristic of plutonium produced specifically to be high in 239Pu.
Consideration of the history of the Dounreay nuclear site leads to a likely conclusion of the production of material with high percentage composition of 239Pu. This conclusion fits the reported data well, considering the origins of Dounreay research in the use of breeder reactors and the 240Pu/239Pu value that is significantly lower than the average global value. Other reported soil measurements reflect these conditions, to a greater magnitude, like the Mayak and Semipalatinsk-21 sites in Kazahkstan, at ratios of 0.028 and 0.044 respectively, whose ratios have been skewed much more than the Dounreay value due to higher releases of material at low 240Pu/239Pu ratio. The Novaya Zemlya site soil also expresses similar ratios at 0.04, with areas closer to the site in the sea being measured in the range of 0.13 – 0.19 [81]. Therefore, of the miniscule amount dispersed hypothetically at Dounreay, the 240Pu/239Pu ratio does appear to offer evidence of it being breeding material.


4.3.5.3 241Pu/239Pu
The average 241Pu/239Pu ratios of this project’s samples are presented in Table 4 below. The 241Pu values in this work are based on calculated values originating from 241Am counts measured with the BEGe gamma spectrometer at CCFE.
	Area
	241Pu/239Pu ratio

	On-site
	(1.7±1) x10-3

	Off-site
	(9.4 ±0.5) x10-4

	Away from site
	(2.9 ±0.1) x10-3


[bookmark: _Ref31286856]Table 4 The 241Pu/239Pu ratios of the different samples in this study, by sampling site.
In the 2013 report on “AMS of the minor Plutonium Isotopes” [64], Steier et al. assume a Salzburg soil sample as an example for the global fallout ratio of 241Pu/239Pu. The sample was collected in [88]. Their value of ubiquitous 241Pu/239Pu fallout is: [(1.39±0.07)x10-3]. The sample ratios are displayed in Figure 34, compared against some notable examples from the literature of varying origins.

[bookmark: _Ref31286036]Figure 34 241Pu/239Pu ratios compared between multiple sites, including the three sample types from the project [64][86][87][88][89]. Samples; “Away”, “Offsite”, “Onsite”, and “Our Average” are all sample measurements produced as part of this project and are outlined in black for clarity. All samples presented were soil samples, other than the ‘Sellafield’ sample, which is Irish Sea sediment presumed contaminated by Sellafield waste emissions.
As can be seen from Figure 34, Sellafield values are the highest by a significant margin, which fits with Day & Cross’s Nature report in 1981, stating the 200 Ci y-1 releases of waste 241Pu into the Irish Sea [90], where the sample was collected from the sediment. Similarly, Garigliano drainage shows a higher ratio (though not significantly higher than all DSRL samples) which fits the same trend of 241Pu waste release and the narrative, as it was sampled from Garigliano nuclear power plant drainage [64][91], the uncertainty on this measurement is proportionally high however, so it remains consistent with most of the other measurements.
The overall project sample average and on-site ratio values are consistent with global fallout 241Pu/239Pu ratios, which suggests minimal to no significant contamination solely from a Dounreay site release of 241Pu. If this were the case, the ratio could be significantly higher.
The ‘away from site’ average shows one of the highest 241Pu/239Pu ratios when compared to the global sample examples. This difference reflects a higher 241Pu abundance in the two ‘away’ samples alongside a lower 239Pu abundance. The increased 241Pu could be due to the sample sites’ higher elevation, making the site more susceptible to fallout deposition than the Dounreay area, which rests at sea level. Further, Dounreay is ~500 miles further north than the ‘Away’ samples which could also have allowed increased deposition of 241Pu at Malham and Biggin compared to Dounreay. Based on these observations, it could be argued that ‘Away’ samples received higher deposits of Chernobyl origin than others in the sample set, or that there may have been increased levels of 239Pu in the Dounreay area which has driven the ratio down when compared to the ‘Away’ samples.


[bookmark: _Hlk534819487]4.3.5.4 242Pu/239Pu
The 242Pu/239Pu ratios demonstrate consistent levels in all samples. They are presented in Table 5 below.
	Area
	242Pu/239Pu ratio

	On-site
	(4±2) x10-3

	Off-site
	(3.4±0.5) x10-4

	Away from site
	(4.1±0.4) x10-3


[bookmark: _Ref31285949]Table 5 The 242Pu/239Pu ratios of the different sample groups in this study, measured using AMS at ETH Zϋrich and differentiated by sampling site.
The values displayed in Table 5 were measured with AMS. They are compared against other samples including the global average 242Pu/239Pu ratio in Figure 35 below.



[bookmark: _Ref31285922]Figure 35 242Pu/239Pu ratios compared between multiple sites, including the three sample types from this project [64][85][86][87][88][12]. Samples; “Away”, “Offsite”, “Onsite”, and “Our Average” are all sample measurements produced as part of this project and are outlined in black for clarity. All samples presented were soil samples, other than the ‘Sellafield’ sample, which is Irish Sea sediment contaminated by Sellafield waste emissions.
As can be seen from Figure 35, all of the project samples are consistent with the global average 242Pu/239Pu ratio. The Klofta (Norway) sample is also in good agreement with the project samples. Glomfjord (Norway) and Sellafield are well above the project ratios, which suggest high 242Pu abundances and/or low 239Pu in the project samples. As Sellafield released plant waste into the Irish Sea, this sample’s high ratio is likely due to a low 239Pu contribution and higher 242Pu abundance. The Semipalatinsk test site shows the lowest 242Pu/239Pu ratio, likely due to the relatively large amount of 239Pu emitted during the Russian nuclear bomb tests at the Kazakh site.
The samples from the Dounreay site exhibit very similar ratio values to that of Salzburg and Klofta, areas of low radioactivity, while showing huge differences to samples that are indicative of significant radioactive events.

[bookmark: _Hlk1671156]4.3.5.5 244Pu/239Pu
Ordinarily, 244Pu would provide evidence for whether the material is of high yield weapons test origin or not as it is a long-lived radionuclide (half-life 80.8 million years) that is only created from a high neutron flux environment, i.e. high-yield weapons tests. 239Pu forms 244Pu by acquiring neutrons in quick succession. This reaction does not often occur in sustained fission reactions as the lower neutron flux allows time for many of the 241Pu atoms to decay to 241Am and then 237Np. 
This project’s values for the 244Pu/239Pu ratio are not specific to 244Pu, only the measurements for the full 244Pu isobar were taken from the AMS due to various constraints. Therefore, the 244Pu values measured from AMS comprise the mass of 244Pu and 244Cm. Comparisons can still be made between the project samples and the literature, although the reader must be mindful that the actual 244Pu/239Pu ratio for the project samples will be lower than that presented for this reason.
Even with a larger than representative 244Pu/239Pu ratio, the project sample is within the range of two values presented by Steier et al of Salzburg soil and Irish Sea debris (affected by Sellafield emission)[64]. The combined 244Pu isobar values from this project present at (1.6±0.7) x10-5, while Salzburg soil (used as an estimate for global fallout only) demonstrates a higher ratio at (5.7±1) x10-5 and Irish Sea debris is <3.5 x10-6.
While a conclusion based only on this data set would be tenuous at best, it does confirm that the DSRL samples are within a reasonable range of 244Pu abundance, which suggests that the samples have not been subjected to contamination greater than that of fallout.
4.4 Summary 
Overall comparison between the gamma spectra and AMS results validates the lack of visible plutonium peaks within the gamma spectra. The plutonium abundance reported by the AMS reveals levels too low to display significant peaks in the soil at such a high uranium abundance, due to the uranium decay chain gamma background.
Comparisons between the gamma-ray spectra and the neutron detection results show correlating results as both sets of measurements displayed very low levels of sample radioactivity. The gamma results demonstrated this through the presence of an 241Am peak – the only peak originating from a plutonium decay chain amongst spectra inundated with uranium and thorium decay emissions, consistent throughout the samples. This 241Am peak measurement is supported by Figure 34, where the on-site samples show comparable ratios to the Salzburg site sample, which is considered the standard for global average. The fact that the ‘Away’ (Malham and Biggin) samples show a significantly higher average ratio than the Salzburg sample also shows good agreement between the gamma-ray and AMS measurements, as the ‘Away’ samples demonstrated higher 241Am abundance within the sample sets.
The low abundances of actinides reported by the AMS measurements confirm the low neutron counts measured from the samples in the 16-detector array. However, the low neutron counts did not allow confirmation of the array’s ability to identify high levels of plutonium in soil samples. This ability was confirmed by the spiked soil samples. The 45 ng 240Pu spike is equivalent to approximately 1 Bq/g of activity in the 313 g soil sample, which has shown to demonstrate a significantly higher neutron emission than the un-spiked sample.
From the research presented, it is reasonable to conclude that there has been no noticeable, plutonium-related contamination in the DSRL soil samples, other than that consistent with that reported globally.
The samples are consistent with global averages for fallout in both 241Pu/239Pu and 242Pu/239Pu ratios, though they differ slightly from global 240Pu/239Pu average ratios.
Overall, the sample averages are consistent with global fallout. When separated to different sample types, the ‘Away’ samples remain consistent with the global fallout average [66] while all samples collected around Dounreay, both on and off site are significantly lower than the average for fallout. If only the on-site samples were significantly lower than the fallout average while off-site remained consistent, it would have led to a conclusion of on-site contamination. However, both sample types display significantly lower ratios than the global averages, which means that this result is unlikely to be the cause of Dounreay site activities. The results are more likely symptomatic of the previously reported high uranium abundance of the local geology, where the abundant 238U accepts neutrons and convert to 239Pu through natural acceptance of neutrons, and also the historical presence of breeder reactors.
Distinguishing between two low mass samples by measuring neutrons has been shown to be possible, however it is likely that a lower mass of material could be discerned in a larger sample size for a longer counting period. Further, an increase in the number of detectors and detector coverage of the samples (currently at approximately two thirds coverage) could further increase the array sensitivity. The measurements in this study were subject to time, space, and material limitations that would be less of a barrier in applications outside of research. In the same vein, repeat measurements of the gamma and AMS techniques would have provided greater confidence in the results, but due to time and cost constraints only one campaign of measurements for each technique were analysed.

Chapter 5
5. Conclusions and Further Work
5.1 Conclusions
Following are the conclusions made following consideration and discussion of the results, followed by potential future applications for the work and further research that could be undertaken to continue development of the techniques presented.
This project has demonstrated the use of varied analysis methods to identify plutonium content within Dounreay soil samples. The project developed a neutron detector array made up of liquid scintillators that could not distinguish between samples of background level radioactivity but did identify differences between a sample spiked with 45 ng of 240Pu, and the same sample pre-spike. There are still areas of analysis that must be undertaken to identify the limit of spike at which two such samples could be distinguished, and the mechanisms involved in the production and detection of fast neutrons.
The project also confirmed that the use of gamma detection in a high natural uranium background does not have the required resolution to isolate plutonium peaks. The analysis method did however provide valuable data on the 241Am content of samples, which were visible in most spectra, which enabled estimation of 241Pu abundance.
[bookmark: _GoBack]Accelerator Mass Spectrometry identified that the Dounreay samples contain plutonium abundances consistent overall with global averages for fallout. The 240Pu/239Pu ratio of DSRL samples was not consistent however with the global averages for fallout. The ratio was lower than the average, which could suggest low levels of 240Pu on site, or, more likely, high 239Pu. It is known that the Dounreay site was host to two fast breeder reactors, the Dounreay fast reactor and the Prototype fast reactor which utilised and produced fuel high in 239Pu. Further, it is known on-site that the site has had multiple contamination events local to specific areas. With these considerations, it is reasonable to conclude that the site soil has seen contamination by material proportionally high in 239Pu.


5.2 Further Work
Through the project, areas of further work have been identified to increase understanding of this diverse field of research.
The most common area for further work to compliment this study must be analyses to increase the UK database of nuclides within soils, particularly an attempt to identify areas with the lowest radioactivity in soil. An increased database would allow more appropriate comparisons for decommissioning sites and regulators to consider.
Further to an increase in sampled sites would be a study to aim to quantify the effect that the immediate environment has on the abundance of actinides. Many studies have been carried out on vertical soil profiles, showing the decrease of actinides as depth increases. However, there are gaps in the literature in how actinides behave on surfaces with a high gradient. For example, would mechanical deposition of actinides via water displacement occur before the movement of actinides through the vertical soil profile, and to what extent?
In terms of neutron measurements, clearly there is a gap in the research for the identification of the detection limit of plutonium. To tackle this, a simple experiment could be carried out with incrementally increasing levels of 240Pu within spiked soil samples as carried out in this project. The neutron emission could be measured and the point at which the spiked samples are distinguishable from un-spiked samples could be identified. Unfortunately, the difficulty with carrying out such studies is not the analysis but rather the procurement of material with consistent levels of neutron emission.
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Appendix 
Technical Specifications

A.1	EJ-309 Detectors 
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A.2	Hybrid Instruments Mixed Field Analysers
Specifications

System
Input voltage 			28 V to 40 V DC, 80 W
Dimensions 			35 cm x 26 cm x 11 cm
Mass 				4.8 kg
Temperature range Operating: 	0°C to 50°C

High voltage
Channels 				4
High voltage max. 			-2000 V DC
Output voltage control 		PC software based graphical user interface
Regulation 			0.001% for 0% to 100% load change
Stability 				50 ppm/Hr, 200 ppm/8Hr
Temperature coef. 		50 ppm/°C
Current limit 			120% of maximum output current, 2 mA
Protection 				Short circuit and arc protected

Digitiser
Channels 				4
Full scale range 			20 mVpp to 600 mVpp user configurable Variable Gain 					Amplifier (VGA)
Impedance 			50 Ohm
Resolution 			12 bit bipolar
Sampling rate 			500 MS/s
Acquisition window 		148 ns
ADC clock 				On-board PLL using internal oscillator
Communication interface 	Ethernet (<5 kpps), TTL (3.3 Mpps), serial (debugging)
Onboard memory 			32 Mbit EEPROM
Input protection 			Over limit diode protected

Digital TTL output
Impedance 			50 Ohm
Current limit 			20 mA
Switching time 			<1 ns
Idle state 				3.8 V, high
Active state 			0 V, low
Pulse width 			50 ns
Max. PSD throughput 		3.3 Mpps/channel
Input-to-output jitter 		<6 ns


A.3	BEGe Detector




Gamma Reference Source
	Nuclide
	Gamma-ray energy [MeVl
	Activity
	Emission rate
Is-Il

	Americium-241
Cadmium-109
Cobalt-57
Cerium-139 Mercury-203
Tin-113
Strontium-85
Caesium-137 Yttrium-88
Cobalt-60
Cobalt-60
Yttrium-88
	0.060
0.088
0.122
0.166
0.279
0.392
0.514
0.662
0.898
1.333
1.836
	3.42E03
1.59E04
5.79E02
7.25E02
1.40E03
2.58E03
2.88E03
2.77E03
5.11E03
3.36E03
3.36E03
5.11E03
	1.23E03
5.82E02
4.96E02
5.79E02
1.14E03
1.68E03
2.83E03
2.36E03
4.80E03
3.36E03
3.36E03
5.07E03





Set up 1	30.610455730027933	31.016124838541646	28.948229652260256	29.8496231131986	29.240383034426891	34.132096331752024	30.215889859476256	39.319206502675002	34.380226875342167	30.854497241083024	36.633318168028403	37.013511046643494	37.894590642992831	32.511536414017719	36.110940170535578	41.928510586473259	36.687872655688281	38.652296180175377	42.023802778901391	38.288379438153292	1	2	5	6	7	9	10	11	12	13	937	962	838	891	855	1165	913	1546	1182	952	Set up 2	36.633318168028403	37.013511046643494	37.894590642992831	32.511536414017719	36.110940170535578	41.928510586473259	36.687872655688281	38.652296180175377	42.023802778901391	38.288379438153292	36.633318168028403	37.013511046643494	37.894590642992831	32.511536414017719	36.110940170535578	41.928510586473259	36.687872655688281	38.652296180175377	42.023802778901391	38.288379438153292	1	2	5	6	7	9	10	11	12	13	1342	1370	1436	1057	1304	1758	1346	1494	1766	1466	Measurement Number


Neutron Counts




4314	973.62364391996971	984.23371208265371	1003.6792316273163	982.46628440878317	765.60825491892388	1186.7902089248967	995.3657619187029	896.40169566997133	973.62364391996971	984.23371208265371	1003.6792316273163	982.46628440878317	765.60825491892388	1186.7902089248967	995.3657619187029	896.40169566997133	833	834	832	845	829	836	844	846	947943	968716	1007372	965240	586156	1408471	990753	803536	4311	1183.6059310429296	828.6428663785141	1028.0418279428129	1085.1843161417328	1012.6618389176123	1081.1031403154834	1077.1290544776889	1050.872970439339	1183.6059310429296	828.6428663785141	1028.0418279428129	1085.1843161417328	1012.6618389176123	1081.1031403154834	1077.1290544776889	1050.872970439339	833	834	832	845	829	836	844	846	1400923	686649	1056870	1177625	1025484	1168784	1160207	1104334	Detector Code


Neutron Counts




No Sample	17.395606998812742	13.843190693313034	14.18429400529231	7.7665434028640705	13.330617282888934	12.117633992303471	33.028092750176867	75.315526761940475	14.038769660174234	18.415831698374557	19.503147639730948	230.25873936415837	21.560545977714543	14.039167150714968	71.947758204924526	53.954656061495619	17.395606998812742	13.843190693313034	14.18429400529231	7.7665434028640705	13.330617282888934	12.117633992303471	33.028092750176867	75.315526761940475	14.038769660174234	18.415831698374557	19.503147639730948	230.25873936415837	21.560545977714543	14.039167150714968	71.947758204924526	53.954656061495619	957.5	805.75	782.125	765.375	852.75	901.875	567.375	1109.5	618.125	1176	896.875	2127.875	1178	995.25	2483.875	1196.375	DSRL1	3.25	9.4912240166025654	16.105770187523891	16.63016836956259	19.473807194964898	13.435028842544403	16.222412479858434	9.8361577864530005	16.392960887730645	13.629013170439011	16.403124702324249	36.826168232205028	12.847665157529597	17.089836160712601	10.847426730181986	4.7696960070847281	3.25	9.4912240166025654	16.105770187523891	16.63016836956259	19.473807194964898	13.435028842544403	16.222412479858434	9.8361577864530005	16.392960887730645	13.629013170439011	16.403124702324249	36.826168232205028	12.847665157529597	17.089836160712601	10.847426730181986	4.7696960070847281	942.75	796.5	772.75	734.75	823.25	868	534	935.5	624.75	1112.5	875.25	1222	1167.75	950.25	2601	882.5	DSRL2	19.352002480363627	12.21593904154186	12.439017914074514	10.151970252123476	15.72153512436577	19.627255709004931	17.173137938847013	15.739414432140309	6.9447222166668885	11.539786248742507	10.601690116832001	20.933923823943438	16.660207081546137	5.6050572402667456	36.123630308520582	18.041618552668716	19.352002480363627	12.21593904154186	12.439017914074514	10.151970252123476	15.72153512436577	19.627255709004931	17.173137938847013	15.739414432140309	6.9447222166668885	11.539786248742507	10.601690116832001	20.933923823943438	16.660207081546137	5.6050572402667456	36.123630308520582	18.041618552668716	937	754.75	721.25	714.25	824	831.25	518.5	901.75	598.25	1111	848.75	1203.75	1163.75	929.5	2664.5	899	DSRL3	146.17062304603706	146.17062304603706	888	735.75	694.75	715.25	743.75	792.25	483.25	845.5	580.5	1053.5	812.25	1249.5	1111.25	874.5	2809.75	841.75	DSRL4	6.4855608855364233	18.445302021562746	34.564854500875114	26.174096609689002	23.133669546067839	21.25	12.773670837573146	16.568041525780892	6.5	14.091220671041953	10.371234256345771	59.062819664037939	11.59382019295912	12.338118441102219	58.387177530687332	24.536961914629938	6.4855608855364233	18.445302021562746	34.564854500875114	26.174096609689002	23.133669546067839	21.25	12.773670837573146	16.568041525780892	6.5	14.091220671041953	10.371234256345771	59.062819664037939	11.59382019295912	12.338118441102219	58.387177530687332	24.536961914629938	948.75	759.75	778.25	728.5	815	856.25	531	817	534.5	1144.75	855.75	1554.5	1157.5	937.25	3754.75	929.75	DSRL5	16.459546368799678	14.01412977438604	11.946931265670974	7.0754858490424528	2.2173557826083452	7.6198753270640855	12.071833608307672	27.756005356198745	41.044691089916448	6.0190669265814503	21.50387561967997	66.105187643129284	18.701604209265042	23.47117025913564	40.237834600452011	80.188709720674936	16.459546368799678	14.01412977438604	11.946931265670974	7.0754858490424528	2.2173557826083452	7.6198753270640855	12.071833608307672	27.756005356198745	41.044691089916448	6.0190669265814503	21.50387561967997	66.105187643129284	18.701604209265042	23.47117025913564	40.237834600452011	80.188709720674936	888.5	752.75	746.25	719.75	795.5	836.25	529.75	794.75	646	1145.75	833.5	1436.25	1096.5	923.25	3953.5	993.75	DSRL6	21.527114685128304	9.2421137553411814	11.090536506409418	20.237650555338682	14.44818327679989	17.058722109231979	14.812719759269958	16.464608508353102	7.2629195231669748	19.091883092036785	14.309088021254185	13.725736167263792	23.148074073955556	15.572411502397436	69.351760371793503	7.1763500472036617	21.527114685128304	9.2421137553411814	11.090536506409418	20.237650555338682	14.44818327679989	17.058722109231979	14.812719759269958	16.464608508353102	7.2629195231669748	19.091883092036785	14.309088021254185	13.725736167263792	23.148074073955556	15.572411502397436	69.351760371793503	7.1763500472036617	892.5	773.5	759	735.25	760.5	848	507.5	751.5	620.5	1185	872.5	1369.25	1125	890	3637	912	DSRL7	21.675639167815405	17.969302527736943	11.438239957848994	18.854707634964804	18.763883748662838	10.50793351076541	10.598742063723098	30.367197214538365	12.877629181387906	18.133762249829275	18.958287545732254	8.855318552523487	27.083205127901682	15.085174841545589	44.048032494842111	7.465197027987049	21.675639167815405	17.969302527736943	11.438239957848994	18.854707634964804	18.763883748662838	10.50793351076541	10.598742063723098	30.367197214538365	12.877629181387906	18.133762249829275	18.958287545732254	8.855318552523487	27.083205127901682	15.085174841545589	44.048032494842111	7.465197027987049	970	794.75	747	733	829.5	875.5	552	831	568	1205	868.5	1396.5	1156	949.25	3060.75	919.75	DSRL8	21.675639167815405	17.969302527736943	11.438239957848994	18.854707634964804	22.122763540450066	8.0932070281193234	10.598742063723098	32.317435954398775	12.877629181387906	18.133762249829275	18.958287545732254	8.855318552523487	27.083205127901682	15.085174841545589	44.048032494842111	8.3204066407037267	21.675639167815405	17.969302527736943	11.438239957848994	18.854707634964804	22.122763540450066	8.0932070281193234	10.598742063723098	32.317435954398775	12.877629181387906	18.133762249829275	18.958287545732254	8.855318552523487	27.083205127901682	15.085174841545589	44.048032494842111	8.3204066407037267	970	794.75	747	733	825.5	872	552	826.5	568	1205	868.5	1396.5	1156	949.25	3060.75	915.25	DSRL9	24.627220712049503	28.173199439656592	14.126659194586667	22.298635982200047	82.745090488801807	14.753530650887152	14.020074892809953	31.297963192514622	17.715341750396274	28.561337503695444	14.744349200060793	111.16766616242333	21.784455467144458	17.277152543170995	53.613586586486328	23.188988047490703	24.627220712049503	28.173199439656592	14.126659194586667	22.298635982200047	82.745090488801807	14.753530650887152	14.020074892809953	31.297963192514622	17.715341750396274	28.561337503695444	14.744349200060793	111.16766616242333	21.784455467144458	17.277152543170995	53.613586586486328	23.188988047490703	1015	810.25	798.25	803.75	944.5	911	564.25	979.75	585	1216.5	918.25	2053.5	1224.75	992	3052.5	1026.75	DSRL10	23.760523984121225	5.1214418542698175	10.820505225419621	29.956913503675018	14.770466027403018	15.932147794109033	15.814023312659348	68.926893638598472	10.184751674275946	16.418358626854268	18.82153022471871	40.475301110677364	7.856791117667993	15.665115171403412	117.48404146946937	19.670197423174653	23.760523984121225	5.1214418542698175	10.820505225419621	29.956913503675018	14.770466027403018	15.932147794109033	15.814023312659348	68.926893638598472	10.184751674275946	16.418358626854268	18.82153022471871	40.475301110677364	7.856791117667993	15.665115171403412	117.48404146946937	19.670197423174653	1121.75	869.75	844.5	861.5	961	985	618.5	964.5	617.75	1254.75	997.5	1583.5	1352.75	1071.25	2806	1198.5	DSRLB1	13.75605927097825	14.510771860931451	18.772209069082233	7.760745239129208	27.064737205448715	20.1038968030247	9.3496880518371661	36.794474222814124	18.841443681416774	14.120758950330302	16.745646200331198	21.982474079745135	21.045585443666486	28.301943396169811	47.001773016202982	4.9560569003997523	13.75605927097825	14.510771860931451	18.772209069082233	7.760745239129208	27.064737205448715	20.1038968030247	9.3496880518371661	36.794474222814124	18.841443681416774	14.120758950330302	16.745646200331198	21.982474079745135	21.045585443666486	28.301943396169811	47.001773016202982	4.9560569003997523	1026.25	862.75	882.75	831.75	888	923	568.5	1103	630	1193.75	939.5	1226.25	1289.5	1019	2558	961.25	MALHAM	28.962619586862882	21.10045418152573	8.7273516410573642	17.949001829256876	15.101738310538956	11.243516650348621	18.305281569354058	12.002603884157804	16.45891349188437	24.792471975716069	23.196174253527239	23.665639649077733	42.865098467945536	19.701945758393173	33.522380583723468	64.787312286691858	28.962619586862882	21.10045418152573	8.7273516410573642	17.949001829256876	15.101738310538956	11.243516650348621	18.305281569354058	12.002603884157804	16.45891349188437	24.792471975716069	23.196174253527239	23.665639649077733	42.865098467945536	19.701945758393173	33.522380583723468	64.787312286691858	1200	1002.25	969	905	880.75	1002.5	568.5	803.75	555.25	1337	886.25	1288.25	883.5	744	2194.5	1047.25	BIGGIN	17.893201688537093	13.719663504134008	18.925291719460144	7.6648548583779457	6.587551391323891	7.5608641481425032	16.700174649785353	10.780963160435466	14.183323540928855	52.237239271104926	17.782833482509663	14.585952145814822	25.753236042615434	20.291623887703025	61.894231018192102	100.88473207907461	17.893201688537093	13.719663504134008	18.925291719460144	7.6648548583779457	6.587551391323891	7.5608641481425032	16.700174649785353	10.780963160435466	14.183323540928855	52.237239271104926	17.782833482509663	14.585952145814822	25.753236042615434	20.291623887703025	61.894231018192102	100.88473207907461	1124	894.25	929	885.5	827.75	988	548.75	754.75	519	1492.25	833.25	1265.5	846.25	711.5	2450.25	1161.25	DSRLB2	32.718496297965771	30.870698080866262	31.332890067786597	29.962476533157268	29.782545223670862	31.47220996371243	23.801260470823809	28.827070610799147	22.978250586152114	41.188590653237945	29.38962401937119	33.760183648789592	29.555033412263299	30.298514815086232	41.871828238088675	52.886671288709408	32.718496297965771	30.870698080866262	31.332890067786597	29.962476533157268	29.782545223670862	31.47220996371243	23.801260470823809	28.827070610799147	22.978250586152114	41.188590653237945	29.38962401937119	33.760183648789592	29.555033412263299	30.298514815086232	41.871828238088675	52.886671288709408	1070.5	953	981.75	897.75	887	990.5	566.5	831	528	1696.5	863.75	1139.75	873.5	918	1753.25	2797	DSRLB2SPIKE	33.369147426927171	30.215889859476256	30.854497241083024	29.359836511806396	28.809720581775867	29.841246622753548	23.065125189341593	29.129023327259016	26.23451924468981	48.381298039635105	28.186876378910807	36.052045711720716	29.107559155655768	29.423629959608995	48.391631507937404	45.798471590217943	33.369147426927171	30.215889859476256	30.854497241083024	29.359836511806396	28.809720581775867	29.841246622753548	23.065125189341593	29.129023327259016	26.23451924468981	48.381298039635105	28.186876378910807	36.052045711720716	29.107559155655768	29.423629959608995	48.391631507937404	45.798471590217943	1113.5	913	952	862	830	890.5	532	848.5	688.25	2340.75	794.5	1299.75	847.25	865.75	2341.75	2097.5	Detector Number


Neutron Counts




14373.714780600707	17670.29555226328	13420.283379679631	8699.493701815989	16821.221918630086	27301.098137995457	10243.883929659352	23098.267244050203	11620.558584367023	13439.045936612687	144.45160659586065	11030.706904538627	14373.714780600707	17670.29555226328	13420.283379679631	8699.493701815989	16821.221918630086	27301.098137995457	10243.883929659352	23098.267244050203	11620.558584367023	13439.045936612687	144.45160659586065	11030.706904538627	DSRL1S	DSRL2S	DSRL3S	DSRL4S	DSRL5S	DSRL6S	DSRL8S	DSRL9S	DSRL10S	DSRLB1S	MalhamS	BigginS	88119.14727663825	76536.737287523036	90981.942143332344	73903.358639121085	67855.808560808116	142646.68207250981	39911.415485541474	105792.63097653938	63464.703022723297	89218.836506590844	365.02813834281994	63200.593606624832	Sample


U-236 (fg/g)



Sample	81.949698320204917	52.271791013213125	36.475615160308962	28.068156448037058	81.949698320204917	52.271791013213125	36.475615160308962	28.068156448037058	DSRL10	DSRL9	DSRL8	DSRL7	1386.908077994429	1180.7799442896935	1346.1102040816327	1188.4526120496043	Background	100.40268920701277	14.479640879524602	37.932835380445795	39.122116507162538	100.40268920701277	14.479640879524602	37.932835380445795	39.122116507162538	DSRL10	DSRL9	DSRL8	DSRL7	1411	1303.4000000000001	1419	1211	Sample


Neutron Counts




N/ kg	921.59896745169783	765.9979420621263	1238.1683423975421	914.86287451266674	1198.1896277595749	1007.3805826597634	972.74839741130234	761.58400258650533	1208.543150661061	1065.7118189222049	803.42281935870392	1397.2614824125044	1110.9961190888309	921.59896745169783	765.9979420621263	1238.1683423975421	914.86287451266674	1198.1896277595749	1007.3805826597634	972.74839741130234	761.58400258650533	1208.543150661061	1065.7118189222049	803.42281935870392	1397.2614824125044	1110.9961190888309	DSRL1	DSRL2	DSRL3	DSRL4	DSRL5	DSRL6	DSRL7	DSRL8	DSRL9	DSRL10	DSRLB1	MALHAM	BIGGIN	-2889.7916666666715	-3524.5915705656275	-7267.0905483405531	4259.5263532763493	5060.0755235152719	2080.0033300033256	942.40073406739589	653.92615704627804	8985.8348402652155	9435.8947515354521	2994.1025126971358	-309.79085392284981	-428.2407407407452	Sample


Neutron Count per detector / kg



22678.675855121404	18591.7051649348	24177.425316395784	19805.412273077585	23917.488554858854	22999.308035423153	22936.919982550848	17866.906542465305	21101.6323699026	19825.312005175561	18627.474075673956	29738.131970246635	20992.411115809024	22678.675855121404	18591.7051649348	24177.425316395784	19805.412273077585	23917.488554858854	22999.308035423153	22936.919982550848	17866.906542465305	21101.6323699026	19825.312005175561	18627.474075673956	29738.131970246635	20992.411115809024	DSRL1	DSRL2	DSRL3	DSRL4	DSRL5	DSRL6	DSRL7	DSRL8	DSRL9	DSRL10	DSRLB1	MALHAM	BIGGIN	-104122.1875	-112690.09987644151	-222710.70075757575	39979.033119658125	64593.202883625134	572.55244755244757	-32632.945445445446	-27480.499219968799	88851.717902350807	169712.88735343385	51433.816158781068	-60396.415799739923	-44857.237144168961	Sample


Neutron Count per Array / kg



N Count	Spike	1	1	4	8	12	16	20	24	174009.375	349631.25	524334.375	701128.125	881287.5	1063275	BG	1	1	4	8	12	16	20	24	168112.5	336881.25	500971.875	665540.625	828468.75	988565.625	Diff	1790.9194784034819	2536.9380535401333	3100.3622520199151	3579.4579940613912	4003.618968352258	4385.8871234192748	1790.9194784034819	2536.9380535401333	3100.3622520199151	3579.4579940613912	4003.618968352258	4385.8871234192748	4	8	12	16	20	24	5896.875	12750	23362.5	35587.5	52818.75	74709.375	Time (hours)


Neutron Count



fg/g Am-241	9.7829751548446406E-2	9.7524432106704431E-2	0.10236791967320669	0.10224791247418813	9.6997769097653883E-2	9.5396875239377052E-2	5.4351483489401921E-2	0.10190493984969362	0.10061605027303622	0.10815559179765218	8.5964795790661075E-2	0.14390345547728556	0.12182250068187647	8.2993169528274097E-2	0.30121499152613657	0.11948979999848901	0.18854422868570891	9.7829751548446406E-2	9.7524432106704431E-2	0.10236791967320669	0.10224791247418813	9.6997769097653883E-2	9.5396875239377052E-2	5.4351483489401921E-2	0.10190493984969362	0.10061605027303622	0.10815559179765218	8.5964795790661075E-2	0.14390345547728556	0.12182250068187647	8.2993169528274097E-2	0.30121499152613657	0.11948979999848901	0.18854422868570891	DSRL1	DSRL2	DSRL3	DSRL4	DSRL5	DSRL6	DSRL7	DSRL8	DSRL9	DSRL10	DSRL B1A	Malham	Biggin	DSRL B2	Avg DSRL	Avg Off-site	Avg Other	2.6642577689226568	2.8138572534703585	2.9163358127814698	2.800456713876375	2.8837478105365504	2.877195814907906	0.27296992112446106	3.0427258598917573	2.9599890793694246	3.5215091236413008	1.9142175165881461	3.7671965252208683	3.359579129473965	1.9478074413203512	2.9422305819330892	1.9310124789542487	3.5633878273474169	Average Am-241	DSRL1	DSRL2	DSRL3	DSRL4	DSRL5	DSRL6	DSRL7	DSRL8	DSRL9	DSRL10	DSRL B1A	Malham	Biggin	DSRL B2	Avg DSRL	Avg Off-site	Avg Other	8.1671277185917362E-4	5.8949646473384527E-4	1.0878254540511903E-3	Sample


Am-241 (fg/g )



3.1337376933307182E-2	3.1239575290356082E-2	3.2791068503216822E-2	3.2752627121420082E-2	3.1070871629453156E-2	3.0558064293515142E-2	1.7410173265628184E-2	3.2642764198929995E-2	3.2229899831497558E-2	3.4645008230747745E-2	2.7536727488801482E-2	4.6095965234705723E-2	3.9022869448211935E-2	2.6584839430052607E-2	9.6486882344202066E-2	3.8275645628966147E-2	6.0395549098351535E-2	3.1337376933307182E-2	3.1239575290356082E-2	3.2791068503216822E-2	3.2752627121420082E-2	3.1070871629453156E-2	3.0558064293515142E-2	1.7410173265628184E-2	3.2642764198929995E-2	3.2229899831497558E-2	3.4645008230747745E-2	2.7536727488801482E-2	4.6095965234705723E-2	3.9022869448211935E-2	2.6584839430052607E-2	9.6486882344202066E-2	3.8275645628966147E-2	6.0395549098351535E-2	DSRL1	DSRL2	DSRL3	DSRL4	DSRL5	DSRL6	DSRL7	DSRL8	DSRL9	DSRL10	DSRL B1A	Malham	Biggin	DSRL B2	Avg DSRL	Avg Off-site	Avg Other	0.81334043826073033	0.85900993456281249	0.89029442862140817	0.85491903882688403	0.88034601434366988	0.87834583138155409	8.333182992617981E-2	0.92887858421910174	0.90362082946456557	1.0750407889848304	0.58436932493124938	1.150043854081144	1.0256070540212365	0.59462360453644103	0.81671277185917357	0.5894964647338452	1.0878254540511902	Sample


Pu-241 (fg/g)



Pu-239 fg/g	11.277820372824513	16.040715543618248	30.049485721172299	15.854161005808811	16.116935724131036	17.882802543198178	8.7908936866369363	16.40947943324619	17.559300890620126	18.658150350169219	10.40888973278614	12.898732230181269	11.277820372824513	16.040715543618248	30.049485721172299	15.854161005808811	16.116935724131036	17.882802543198178	8.7908936866369363	16.40947943324619	17.559300890620126	18.658150350169219	10.40888973278614	12.898732230181269	DSRL1	DSRL2	DSRL3	DSRL4	DSRL5	DSRL6	DSRL8	DSRL9	DSRL10	DSRL B1A	Malham	Biggin	529.52814849676952	532.98228905437497	1000.9392437422067	527.73210303851704	536.14273314760305	594.62445707068764	289.33948441362395	544.63161712277793	582.96113544650518	620.09632132141803	340.62478941421455	427.68860390090794	Sample


Pu-239 (fg/g)



Pu-242 fg/g	0.11473507056676739	0.12738602434856069	0.1770707029787541	0.17220692599203707	0.12842700721531494	0.12280071183861752	5.9437999522157975E-2	0.14531803301532789	0.19209365317505603	0.29402279909871709	0.15925698877245845	0.22076500232611451	0.11473507056676739	0.12738602434856069	0.1770707029787541	0.17220692599203707	0.12842700721531494	0.12280071183861752	5.9437999522157975E-2	0.14531803301532789	0.19209365317505603	0.29402279909871709	0.15925698877245845	0.22076500232611451	DSRL1	DSRL2	DSRL3	DSRL4	DSRL5	DSRL6	DSRL8	DSRL9	DSRL10	DSRL B1A	Malham	Biggin	2.1828607637699768	2.2324433031369861	4.0783415330869186	1.9492279788398266	2.0065543808691402	2.0185266741762744	1.09789763414807	2.112752809931898	2.2938172981080189	2.135245375130939	1.5765608238778959	1.5626521584065027	Sample


Pu-242 (fg/g)



Pu-240 fg/g	1.4097163664653038	2.1379214010400562	2.7846095526223587	2.0631337146987816	2.0525366212514879	2.1640991906790412	1.1282095679161956	2.1238424734706141	2.2531943625995403	2.0518256731840063	1.7471143145591199	1.9950576230235519	1.4097163664653038	2.1379214010400562	2.7846095526223587	2.0631337146987816	2.0525366212514879	2.1640991906790412	1.1282095679161956	2.1238424734706141	2.2531943625995403	2.0518256731840063	1.7471143145591199	1.9950576230235519	DSRL1	DSRL2	DSRL3	DSRL4	DSRL5	DSRL6	DSRL8	DSRL9	DSRL10	DSRL B1A	Malham	Biggin	66.129553168131764	71.036946372478354	92.684608941064127	68.670378175416374	68.266460163091637	71.921595435209881	37.097428467122036	70.472900396616396	74.782149666619631	66.196788769459985	67.825090406719681	57.940296255850058	Sample


Pu-240 (fg/g)



240/239 (s) 	2.6621780593034878E-3	4.0095532161717297E-3	2.7739584233978554E-3	3.9008283719701104E-3	3.8222898294041825E-3	3.6352621632366002E-3	3.933470694499645E-3	3.9021979945015927E-3	3.8665751457075551E-3	3.2152059030727208E-3	6.111905699950319E-3	4.0917078204372008E-3	2.6621780593034878E-3	4.0095532161717297E-3	2.7739584233978554E-3	3.9008283719701104E-3	3.8222898294041825E-3	3.6352621632366002E-3	3.933470694499645E-3	3.9021979945015927E-3	3.8665751457075551E-3	3.2152059030727208E-3	6.111905699950319E-3	4.0917078204372008E-3	DSRL1S	DSRL2S	DSRL3S	DSRL4S	DSRL5S	DSRL6S	DSRL8S	DSRL9S	DSRL10S	DSRLB1S	MalhamS	BigginS	0.12441632619049857	0.13280299472285398	9.2264847191141086E-2	0.12965590083436151	0.12687128008350473	0.12051827495316154	0.12775339926941634	0.12893049739015036	0.12781879076056271	0.10636876799175667	0.19840403124062847	0.13498620725962951	Global Average Ratio	1.4E-2	1.4E-2	1.4E-2	1.4E-2	1.4E-2	1.4E-2	1.4E-2	1.4E-2	1.4E-2	1.4E-2	1.4E-2	1.4E-2	1.4E-2	1.4E-2	1.4E-2	1.4E-2	1.4E-2	1.4E-2	1.4E-2	1.4E-2	1.4E-2	1.4E-2	1.4E-2	1.4E-2	DSRL1S	DSRL2S	DSRL3S	DSRL4S	DSRL5S	DSRL6S	DSRL8S	DSRL9S	DSRL10S	DSRLB1S	MalhamS	BigginS	0.17599999999999999	0.17599999999999999	0.17599999999999999	0.17599999999999999	0.17599999999999999	0.17599999999999999	0.17599999999999999	0.17599999999999999	0.17599999999999999	0.17599999999999999	0.17599999999999999	0.17599999999999999	Sample Average	1.3564099833484422E-2	1.3564099833484422E-2	DSRL1S	DSRL2S	DSRL3S	DSRL4S	DSRL5S	DSRL6S	DSRL8S	DSRL9S	DSRL10S	DSRLB1S	MalhamS	BigginS	0.12923260982397214	0.12923260982397214	0.12923260982397214	0.12923260982397214	0.12923260982397214	0.12923260982397214	0.12923260982397214	0.12923260982397214	0.12923260982397214	0.12923260982397214	0.12923260982397214	0.12923260982397214	Sample


240Pu/239Pu Ratio




Total sample neutrons	0.65742413237801278	0.85345068698592996	1.1584499238342849	0.67927283802547578	0.83265306509021131	1.1278658099349619	0.50855622677122403	0.99284181270276806	0.77834747881899913	0.81862056287432161	0.4935046624324782	0.65692975695270539	0.65742413237801278	0.85345068698592996	1.1584499238342849	0.67927283802547578	0.83265306509021131	1.1278658099349619	0.50855622677122403	0.99284181270276806	0.77834747881899913	0.81862056287432161	0.4935046624324782	0.65692975695270539	DSRL1	DSRL2	DSRL3	DSRL4	DSRL5	DSRL6	DSRL8	DSRL9	DSRL10	DSRL B1A	Malham	Biggin	34.969973678379546	35.660007167355857	54.509793722477063	35.079328487527583	35.312371576517748	40.152499623894698	22.829151633049413	37.303390188026157	39.064638365884264	36.181340818818107	28.705958029611821	31.478927298811477	Sample


Neutron Emission /4 hours



240/239	0.01	0.01	4.0000000000000001E-3	3.0000000000000001E-3	7.0000000000000001E-3	1E-3	1E-3	0.01	1E-4	1E-4	0.02	0.01	1.4648000000000003E-3	0.01	0.01	4.0000000000000001E-3	3.0000000000000001E-3	7.0000000000000001E-3	1E-3	1E-3	0.01	1E-4	1E-4	0.02	0.01	1.4648000000000003E-3	Global Avg	Our Avg	Onsite	Offsite	Away	Salzburg	Sellafield	Garigliano drain	Mayak	Semipalatinsk	Norway (Glomfjord	Norway (Klofta)	Wick	0.18	0.13	0.125	0.106	0.16700000000000001	0.184	0.22600000000000001	0.16700000000000001	2.8299999999999999E-2	4.3799999999999999E-2	0.2	0.17	0.18310000000000001	
240Pu/239Pu Ratio



7.3399999999999995E-4	9.7799999999999992E-4	5.27E-5	1.03E-4	6.9999999999999994E-5	1.2E-4	1.2999999999999999E-3	7.9999999999999996E-6	8.0000000000000007E-5	1E-4	8.0000000000000004E-4	5.0000000000000001E-4	7.3399999999999995E-4	9.7799999999999992E-4	5.27E-5	1.03E-4	6.9999999999999994E-5	1.2E-4	1.2999999999999999E-3	7.9999999999999996E-6	8.0000000000000007E-5	1E-4	8.0000000000000004E-4	5.0000000000000001E-4	Our Avg	Onsite	Offsite	Away	Salzburg	Sellafield	Garigliano drain	Mayak	Semipalatinsk	Nevada Test Site	Norway (Glomfjord)	Norway (Klofta)	1.8500000000000001E-3	1.72E-3	9.4200000000000002E-4	2.8900000000000002E-3	1.39E-3	8.4499999999999992E-3	4.7999999999999996E-3	2.2599999999999999E-4	4.9899999999999999E-4	1E-3	2.3E-3	8.9999999999999998E-4	
241Pu/239Pu  Ratio



5.9999999999999995E-4	1.4300000000000001E-3	1.9E-3	4.8500000000000003E-4	3.6000000000000002E-4	1.1E-4	1.1E-4	1.5E-3	3.4000000000000001E-6	2.6000000000000001E-6	1.8E-3	5.0000000000000001E-4	5.9999999999999995E-4	1.4300000000000001E-3	1.9E-3	4.8500000000000003E-4	3.6000000000000002E-4	1.1E-4	1.1E-4	1.5E-3	3.4000000000000001E-6	2.6000000000000001E-6	1.8E-3	5.0000000000000001E-4	Global Avg	Our Avg	Onsite	Offsite	Away	Salzburg	Sellafield	Garigliano drain	Mayak	Semipalatinsk	Norway (Glomfjord)	Norway (Klofta)	4.1000000000000003E-3	3.8800000000000002E-3	3.8700000000000002E-3	3.4399999999999999E-3	4.1399999999999996E-3	3.1900000000000001E-3	7.1900000000000002E-3	6.6E-3	7.9799999999999999E-4	7.8899999999999993E-5	9.9000000000000008E-3	3.8E-3	
242Pu/239Pu Ratio
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1300 W. Broadway, Sweetwater, TX 79556
www.eljentechnology.com • eljen@eljentechnology.com


Toll Free (USA): (888)-800-8771 • Tel: (325)-235-4276 • Fax: (325) 235-0701


ELJEN TECHNOLOGY


NEUTRON/GAMMA PSD LIQUID SCINTILLATOR
EJ-301, EJ-309


EJ-301 exhibits excellent pulse shape discrimina-
tion (PSD) properties, particularly for fast neutron 
counting and spectrometry in the presence of gamma 
radiation. It is identical to the widely reported NE-213 
and exhibits all of the properties of that scintillator.


EJ-309 has been developed as an alternate to 
the more commonly used low-flash point PSD liquid 
scintillators based on the solvent xylene. With a flash 
point of 144°C, it eliminates the fire hazard associated 
with low-flash point liquid scintillators. While EJ‑309 
provides slightly poorer PSD characteristics than that 
of EJ-301, EJ‑309 possesses a number of chemical 
properties recommending it for use in environmentally 
difficult conditions. These properties include: high 
flash point, low vapor pressure, low chemical toxicity, 
and compatibility with cast acrylic plastics. EJ-309 is 
also available loaded with natural boron as EJ-309B.


PROPERTIES EJ-301 EJ-309
Light Output (% Anthracene) 78 80
Scintillation Efficiency 
(photons/1 MeV e-) 12,000 12,300


Wavelength of 
Maximum Emission (nm) 425 424


Decay Time, Short Component (ns) 3.2 ~ 3.5


Mean Decay Times of 
First 3 Components  (ns)


3.16
32.3
270


-


Bulk Light Attenuation Length (m) 2.5 - 3 > 1
Specific Gravity 0.874 0.959
Refractive Index 1.505 1.57
Flash Point (°C) 26 144
Boiling Point (°C at 1 atm) 141 290 - 300
Vapor Pressure (mm Hg, at 20°C) 6 0.002
H Atoms per cm3 (×1022) 4.82 5.43
C Atoms per cm3 (×1022) 3.98 4.35
Electrons per cm3 (×1023) 2.27 3.16 


Revision Date: May 2018






image20.png
Mo m THREADED HOLES 8
o

Bl
{=— Housing of Auniriun
| 1 Buil-in Voliage dvider
® = screw M25 B0
I
[=—Magnetic shield
{wall thk's 0,64 mml
\
832
I"\
— @76 Photonutiptier
E1L type: 9821 FB
M e on 95 BL—=t [ Opfcal inferfoce
I
- SN
——
v Optcal window
& €309
| e Boty of Auminium
all fi's 3
0 % insite
O
(0 B T ) S — T
rremn) T
oo 0201200 V9% A94/3 M - EBOY - E1 - X - Neg
) -
r o

ASSEMBLY

W [ L
Wi, [ VS-1105-21





image21.emf



www.canberra.com


Radiation Safety. Amplified. 


Broad Energy 
Germanium Detectors


DESCRIPTION
The CANBERRA Broad Energy Ge (BEGe) Detector covers the energy range of 3 keV 
to 3 MeV like no other. The resolution at low energies is equivalent to that of our Low 
Energy Ge (LEGe) Detector and the resolution at high energy is comparable to that of 
good quality coaxial (SEGe) detectors.


Most importantly the BEGe has a short, fat shape which greatly enhances the 
efficiency below 1 MeV for typical sample geometries. This shape is chosen for 
optimum efficiency for real samples in the energy range that is most important for 
routine gamma analysis. This is in stark contrast to the traditional relative efficiency 
measurement – a 60Co point source at 25 cm which is hardly a relevant test condition 
for real samples. See the figures below comparing absolute detector efficiencies of 
a 5000 mm2 and 6500 mm2 BEGe Detector to coaxial detectors with approximately 
60% relative efficiency.


In addition to higher efficiency for typical samples, the BEGe exhibits lower 
background than typical coaxial detectors because it is more transparent to high 
energy cosmogenic background radiation that permeates above ground laboratories 
and to high energy gammas from naturally occurring radioisotopes such as 40K and 
208Tl (thorium). This aspect of thin detector performance has long been recognized in 
applications such as actinide lung burden analysis.


Most Low Energy Detectors are aptly named because they do not give good 
resolution at higher energies. In fact resolution is not usually specified above 122 keV. 
The BEGe represents a breakthrough in this respect. The BEGe is designed with an 
electrode structure that enhances low energy resolution and is fabricated from select 
germanium having an impurity profile that improves charge collection (thus resolution 
and peak shape) at high energies. Indeed, this ensures good resolution and peak 
shape over the entire mid-range which is particularly important in analysis of the 
complex spectra from uranium and plutonium.


(BEGe)


FEATURES & BENEFITS
•• Energy range from 3 keV to 
3 MeV combines the spectral 
advantages of Low Energy and 
Coaxial HPGe detectors


•• Detection efficiencies and 
energy resolutions are optimized 
in the 3 keV to 662 keV energy 
region where most tightly-
grouped gamma lines of interest 
are located


•• Flat, non-bulletized crystals offer 
optimum efficiencies for samples 
counted close to the detector


•• Thin, stable entrance window 
allows the detector to be stored 
warm with no fear of low energy 
efficiency loss over time


•• Equipped with Intelligent 
Preamplifier


•• USB 2.0 Serial Interface
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Broad Energy Germanium Detectors (BEGe)


In addition to routine sample counting, there are many 
applications in which the BEGe Detector really excels. In 
internal dosimetry the BEGe gives the high resolution and 
low background need for actinide lung burden analysis and 
the efficiency and resolution at high energy for whole body 
counting. The same is true of certain waste assay systems 
particularly those involving special nuclear materials. 


The BEGe detector and associated preamplifier 
are normally optimized for energy rates of less than 
60 000 MeV/sec. Charge collection times prohibit the use 
of short amplifier shaping time constants. Resolution is 
specified with an optimum shaping time constant and Lynx ® 
digital peaking time equivalent.


The Intelligent Preamplifier (iPA) included with this style 
of HPGe detector has an improved, low power analog 
front stage providing excellent resolution and count rate 
performance.


An integrated digital back-end makes use of the detector 
sensors to continuously monitor and store all relevant 
parameters and status information. This data, which may 
be trended over time, allows the user to take preventative 
measures if a key parameter starts to shift and ultimately 
improves equipment availability and productivity.


It also enables setup and tuning of the preamplifier through 
digital controls rather than potentiometers.  


The preamplifier status information, on board log file and 
digital controls are accessible through a USB 2.0 serial 
connection and software application which is provided 
with the iPA.


See the “Intelligent Preamplifier” specification sheet for 
more details.


Absolute Efficiency vs. Energy Comparison for BE6530,  
GR6022 (n-type coaxial) and GC6020 (p-type coaxial) 
detectors – all with 60% Relative Efficiency @ 1332 keV
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Absolute Efficiency vs. Energy comparison for BE6530, 
BE5030, GC6020 (p-type coaxial) and GR6022 (n-type 


coaxial) detectors
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Another big advantage of the BEGe is that the detector 
dimensions are virtually the same on a model by model 
basis. This means that like units can be substituted in 
an application without complete recalibration and that 
computer modeling can be done once for each detector size 
and used for all detectors of that model.


With cross-sectional areas of 20 to 65 cm2 and thickness’ of 
20 to 30 mm, the nominal relative efficiency is given below 
along with the specifications for the entire range of models. 
BEGe detectors are normally equipped with our composite 
carbon windows which are robust and provide excellent 
transmission to below 10 keV. Beryllium or aluminum 
windows are also available. Aluminum is preferred when 
there is no interest in energies below 30 keV and improved 
ruggedness is desired. Beryllium should be selected to take 
full advantage of the low energy capability (down to 3 keV) 
of the BEGe detector.  
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Broad Energy Germanium Detectors (BEGe)


Lynx is a trademark and/or registered trademark of Mirion Technologies, Inc. 
and/or its affiliates in the United States and/or other countries.


Above specifications are in accordance with IEEE Std 325-1996. 
Resolution performance is tested with Lynx digital MCA. For resolution performance 
guarantee using other CANBERRA digital MCAs consult factory.


Model 
Number


Area 
(cm2)


Thickness 
(mm)


Typical 
Rel. Eff. 
(%) ≥


Full Width Half Max (FWHM) 
Resolution (keV) Endcap diameter 


mm (in.)
At 5.9 keV energy At 122 keV energy At 1332 keV energy


BE2020 20 20  9 0.35 0.65 1.90 76 (3.0)


BE2820 28 20 13 0.40 0.70 1.90 82 (3.25)


BE2825 28 25 18 0.40 0.70 1.90 82 (3.25)


BE2825P 28 25 18 0.40 0.68 1.80 82 (3.25)


BE3820 38 20 20 0.45 0.75 1.90 89 (3.50)


BE3825 38 25 26 0.45 0.75 1.90 89 (3.50)


BE3825P 38 25 26 0.45 0.72 1.80 89 (3.50)


BE3830 38 30 34 0.45 0.75 1.90 89 (3.50)


BE3830P 38 30 34 0.45 0.72 1.80 89 (3.50)


BE5020 50 20 28 0.50 0.75 2.10 102 (4.0)


BE5025 50 25 37 0.50 0.75 2.00 102 (4.0)


BE5030 50 30 48 0.50 0.75 2.00 102 (4.0)


BE5030P 50 30 48 0.48 0.72 1.80 102 (4.0)


BE6530 65 30 60 0.50 0.75 2.00 114 (4.5)


SPECIFICATIONS


BEGe DETECTOR
General Specifications and Information 


Standard configuration includes:
•• Vertical Slimline dipstick cryostat with 0.6 mm Carbon 
Composite window and 30 liter Dewar.


•• Model iPA – Intelligent Preamplifier with 3 meter bias, 
high voltage inhibit, signal and power cables. 


Other cryostat options consult web site. 


Relative efficiency is a typical value, not a spec limit.






