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Abstract

Nuclear Material is kept under a stringent system of national control and international verification. This includes physical protection and safeguards measures.  Still, in early 1992 the first case of "nuclear smuggling" was detected with the seizure of a number of uranium fuel pellets. Those pellets were taken to the Institute for Transuranium Elements (ITU) for closer examination.  Since then, more such incidents have been reported and the phenomenon has been understood in a broader sense and referred to as "illicit trafficking". The methodology applied for the examination of the nuclear material (and any associated material) and the respective interpretation of data is referred to as "nuclear forensic science". From the onset of "Illicit trafficking" in the early 1990's till today, the phenomenon has changed and also the analytical and interpretational methods have evolved.
In more than two decades of involvement in nuclear forensic investigations at ITU, the analytical techniques were developed further, adapted to the specific needs and perfected with regard to timeliness and reliability of results.  Collaboration with authorities involved in the response process was strengthened and their specific needs have been included in the nuclear forensics methodologies. A systematic approach was developed for investigating samples of seized material, and a comprehensive, though efficient, process for conducting the various analyses was implemented. Taking into account that nuclear forensic samples are always unique in terms of the circumstances of the incidents, of the nature of the material and of the objectives of the investigation, the scientific investigations on the actual nuclear material are carried out under the same boundary conditions. On the other hand, we have to include in our considerations also the fact that illicit nuclear trafficking is a border crossing problem. In consequence, also the nuclear forensic investigations need to take this aspect into account. As can be seen, nuclear forensics is not only a multi-disciplinary branch of science; it involves further dimensions such as law enforcement, international safeguards, radiation protection etc. The paper will present selected examples of casework conducted during the past 20 years and illuminate recent methodological developments. 
1. Introduction

The phenomenon of illicit trafficking of nuclear and other radioactive material appeared in the early 1990's. Since then, illicit trafficking, the associated risk of nuclear proliferation and the threat of nuclear terrorism remain areas of international concern. Continuous efforts for further enhancing nuclear security have been undertaken. This includes the prevention and detection of and the response to illicit incidents involving nuclear or other radioactive material. Nuclear forensic science is a key element of nuclear security. It is a relatively new discipline, which emerged with the first incidents of "nuclear smuggling" that were detected in 1992 in Europe. Nuclear forensic science, colloquially referred to as "nuclear forensics", aims at providing clues on the history of nuclear materials of unknown origin [1, 2]. This includes hints on the place and date of production and on the intended use of the material.

Such information is of relevance to nuclear security (e.g. in order to improve physical protection and safeguards measures at the pace of theft or diversion for preventing future diversions), or to prosecution (e.g. for providing evidence related to criminal acts involving nuclear or other radioactive materials). This information is obtained by measuring various parameters, such as major constituents, isotopic composition of the major elements or trace elements, products of radioactive decay, chemical, elemental, anionic or organic impurities, macroscopic appearance, microstructure, molecular composition and age 


[1-6] ADDIN EN.CITE . Nuclear forensic science from its very beginning drew upon  a variety of different analytical techniques already available from nuclear safeguards, isotope geology or other areas [1]. 
2. Case Work
The first illicit trafficking incidents were reported in 1991 in Switzerland and in Italy. In the subsequent years numerous incidents were reported from central and eastern European Countries. Most of the seized nuclear material was taken to ITU for detailed material analysis. A new discipline in science was born: nuclear forensics. At the time, however, no systematic approach and no established methodology for analysing nuclear material of unknown origin were available. The analytical schemes were incident driven and established on an ad-hoc basis: nuclear forensics was still at its infancy. 
2.1 The First Decade

The first case, where the intercepted material was subject to a detailed investigation occurred in 1992 in Germany and involved some 72 LEU pellets with a total mass of more than 1 kg. The national authorities asked ITU to analyse the material for obtaining hints on the potential origin of the material. During the following three years, twenty-one investigations of materials seized in Germany were performed. The circumstances of all of these incidents pointed at intentional smuggling of nuclear material supposedly preceded by a theft of nuclear material in the country of origin of the material. The majority of the cases concerned uranium fuels that were intended for use in early-generation graphite-moderated or pressurized-water nuclear power reactors. The most serious incidents involved kilograms of highly enriched uranium, several hundred grams of plutonium mixed oxide, and weapon-grade plutonium. Table 1 provides an overview of the illicit trafficking incidents where the nuclear material was investigated at ITU.
Table 1 Overview of seized material analysed at ITU in the period 1993 to 2003
	Find No.
	Date
	Place
	Seizure

	1
	05.03.1992
	Augsburg
	72 LEU pellets, 1099 g

	2
	07.07.1992
	Berlin
	Metal rod, Unat, 1772 g

	3
	09.10.1992
	Windsbach
	22 Unat pellets, 320 g

	4
	13.10.1992
	Taufkirchen
	54 LEU pellets, 843 g + Unat powder, 2017 g

	5
	11.11.1992
	München
	1 Pu ionisation source

	6
	03.12.1992
	München
	383 Pu ionisation source

	7
	21.12.1992
	Böblingen
	Metal cylinder, Unat, 2528 g

	8
	24.12.1992
	Nürnberg
	1 Pu ionisation source

	9
	17.02.1993
	München
	2 LEU pellets + 2 Unat pellets, 51 g

	10
	16.03.1993
	Waidhaus
	1 LEU pellet, 14.9 g

	11
	00.04.1993
	Berlin
	Unat powder, 3.9 g

	12
	15.07.1993
	Mainz
	3 pellets, Unat, 48 g

	13
	10.05.1994
	Tengen
	Pu in “red mercury” powder, 56 g 

	14
	06.06.1994
	München
	2 LEU pellets, 20 g

	15
	08.06.1994
	Bavaria
	DU in lead container, ~ 1 g

	16
	15.06.1994
	Landshut
	HEU granulate, 0.8 g

	17
	08.07.1994
	München
	189 LEU pellets, 894 g

	18
	08.08.1994
	Pforzheim
	2 LEU pellets, 19 g

	19
	11.08.1994
	München
	U and Pu powder, 560 g + Li metal, 201 g

	20
	06.09.1994
	Berlin
	Csnat metal

	21
	14.10.1994
	Karlsruhe
	1 Unat pellet, 15 g

	22
	29.05.1996
	Ulm
	206 LEU pellets,  + Unat powder, 1.8 kg

	23
	27.02.1997
	Karlsruhe
	Parts of spent fuel assembly

	24
	00.07.2001
	Karlsruhe
	Contaminated items


A total of 24 incidents were analysed at ITU during the first decade of "nuclear smuggling". As can be seen from table 1, almost half of the cases involved uranium fuel pellets. The need for attributing pelletized nuclear material to a reactor type and to a potential fabrication site triggered a joint project between ITU and the A.A. Bochvar All Russia Research Institute of Inorganic Materials (VNIINM) for jointly establishing a nuclear materials database that compiles data of Russian and Western European fuel manufacturers [7]. This database served first of all as analytical guidance in order to optimize the analytical process and to focus on the measurement of those parameters that would be the most useful for identifying possible origin and intended use of the material. 
In parallel to the case work, research and development activities were started in order to establish the scientific basis for nuclear forensic investigations.

2.2 The Second Decade

After the "hype" of illicit trafficking in the first half of the 1990's, the number of cases reported in central Europe decreased. With the transition to first decade of the 21st century another type of incidents started being reported in increasing numbers: radioactively contaminated scrap metal. Table 2 provides an overview of those cases of contaminated scrap metal which involved nuclear material. 
Table 2 Overview of incidents in the period 2003 to 2013 involving scrap metal contaminated with uranium
	Find No.
	Date
	Place
	Seizure

	26
	16.12.2003
	Rotterdam, NL
	Unat (yellow cake)

	27
	30.03.2006
	Hennigsdorf, D
	HEU (contaminated scrap)

	29
	02.06.2006
	Baarn and Bunschoten, NL
	Various DU and Unat. powder

	32
	00.11.2008
	Dordrecht, NL
	Contaminated metal scrap

	33
	00.07.-11.2009
	Dordrecht and Rotterdam, NL
	Contaminated metal scrap

	34
	02.2010
	Tornio, FIN
	Contaminated metal scrap

	35
	04.2010
	Rotterdam, NL
	Contaminated metal scrap

	36
	04.2010
	Dordrecht, NL
	Contaminated metal scrap

	37
	06.2010
	Dordrecht, NL
	Contaminated metal scrap

	38
	09.2010
	Dordrecht, NL
	Contaminated metal scrap

	39
	10.2010
	Dordrecht, NL
	Contaminated metal scrap

	41
	21.03.2011
	Dordrecht, NL
	Contaminated metal scrap

	42
	17.05.2011
	Dordrecht, NL
	Contaminated metal scrap

	43
	02.11.2011
	Rotterdam, NL
	Contaminated metal scrap

	44
	03.2012
	Moerdijk, NL
	Contaminated metal scrap


The samples from these incidents typically showed higher levels of chemical impurities and did not offer macroscopic features (as additional signature) supporting  a nuclear forensic interpretation. Consequently, the isotopic composition of the major element (uranium) provides the essential nuclear forensic information. Often, the samples consist of mixtures of materials, as can be revealed by micro-analytical techniques, such as secondary ion mass spectrometry (SIMS). This is illustrated in fig.1 showing several items carrying uranium contaminations (Find 38 in table 2), detected at a scrap metal recycling facility. Samples were taken from all the individual items and taken for analysis to ITU. Chemical analysis provided an average of the isotopic composition of the uranium deposits. It proved to be more useful in this case, however, to grind the material to a fine powder and to analyse individual particles by SIMS.
[image: image1.jpg]



Figure 1 Items carrying radioactive contamination that triggered a radiation alarm at a scrap metal recycling facility. The items were singled out and subject to initial measurement by the competent national authority. Samples were taken to ITU for further analysis. 

[image: image2]
Figure 2 Measurement results obtained on individual particles by SIMS indicating distinct populations of low enriched uranium (left graph) and highly enriched uranium with 235U abundances up to 96% (right graph).
The SIMS measurement revealed the contamination to consist of a mixture of different enrichments, as shown in fig. 2. The 235U enrichment was found to range up to 96 mass% . Such highly enriched uranium is very rarely encountered. One application, however, is in lightweight nuclear reactors used in space (e.g. TOPAZ), thus providing also hints on the facility where the uranium was processed and where the contaminated metal possibly originates from.
3. Research and Development
Basically, nuclear forensics relies on the fact that certain measurable parameters (e.g. chemical impurities, isotopic composition, macroscopic appearance, microstructure) in a sample may be combined to form a characteristic "signature" for the given material. This signature provides hints on the history of the material, including the source material it was prepared from, the processes used for its transformation, the intended use, the date of production and possibly the origin of the material. The main challenges consist first of all the identification of those parameters providing useful hints on the history of the material and secondly, the interpretation of the analytical data. Thus, R&D activities focus on signature development and on method development. 

The pattern of rare earth elements (REE), for example, has proven to be a useful signature for provenancing natural uranium. A method was developed for group separation of the REE (i.e. separating the REE from uranium without changing their relative abundance [8,9].  Also the isotopic composition of certain chemical impurities (e.g. Sr, Nd, or Pb) may provide hints on the geological environment the uranium was mined from. The products of the radioactive decay of uranium (e.g. 234U/230Th) are another important signature providing information on the last chemical separation of the nuclear material, usually referred to as the "age" of the material [10]. Classical methods of molecular spectroscopy such as Raman or Infrared-spectroscopy are also applied for identifying the chemical compound and anionic impurities [11]. The latter may point at the chemical processing the material was subjected to. Some of these aspects will be presented in some more detail in dedicated papers at this conference [12-15].
Conclusion

Nuclear forensics is a key element of nuclear security. Starting with the first cases of "nuclear smuggling" that were reported in Europe, ITU got closely involved in nuclear forensic investigations. In this period samples of nuclear material from more than 40 nuclear security incidents were investigated and information on the history of the material, its intended use and its potential origin was provided to the competent national authorities. The application of nuclear forensics methodology was backed by a comprehensive research and development program which results validated methods and useful nuclear signatures, ultimately supporting credible nuclear forensics conclusions.
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