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Abstract

Nuclear forensic investigations play a vital role in nuclear security. Nuclear forensic analyses’
results need to be accurate and precise and it needs to be ensured that they can withstand
scrutiny in a court of law and from the international community. Therefore Certified
Reference Materials (CRMs) for nuclear forensic applications are indispensable, which has
also been recently acknowledged in the 2016 Nuclear Security Summit’s ‘Certified Reference
Material Fact Sheet’. At present there are no plutonium CRMs certified for their last
separation date available. The determination of the age or the production date has been a
pillar of nuclear forensic investigations for about three decades. Knowledge of the age of
seized nuclear material can help considerably to limit the number of facilities where seized
plutonium samples could have been produced or processed. The relationship of the results
of the more regularly applied Pu/U chronometers ?**Pu/?**U, 2°Pu/?°U and #*°Pu/***U among
each other and with the often neglected or dismissed radio-chronometer #?Pu/*®U was
scrutinized and re-evaluated. It has been shown that the relationship of these Pu/U
chronometers relative to each other can not only boost the confidence in the obtained
production date for a particular plutonium sample, but can also - in case of mismatched age
dating results for different chronometers - help to reveal the history of the plutonium sample
under investigation. The pattern formed by the Pu/U chronometers’ age determination results
may help to identify incomplete separation during the production or help to reveal the likely
nature of a contamination with non-radiogenic uranium. A ‘roadmap’ for dating of plutonium
materials via the respective Pu/U chronometers has been established. Furthermore, an
optimized method for U/Pu separation has been developed and a novel approach for the
measurement of uranium isotopes by Total Evaporation Thermal lonisation Mass
Spectrometry with a double filament arrangement combined with filament carburization has
been investigated. This measurement approach allows the measurement of the isotopic
composition of uranium samples that contain traces of plutonium. Separation of residual
plutonium in the uranium fraction was achieved directly on the filament. The findings could
also prove to be useful for other applications such as the measurement of ?**U and ***Pu in
mixed oxide fuel type samples without (complete) chemical separation. The scientific work
was performed at the European Commission Joint Research Centre - Directorate G - Nuclear
Safety & Security - Unit G.2 - Standards for Nuclear Safety, Security and Safeguards (EC-
JRC-G.2) Geel, Belgium, formerly Institute for Reference Materials and Measurements (EC-
JRC-IRMM), in cooperation with the VIRIS laboratory of the University of Natural Resources
and Life Sciences, Vienna, Austria.
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Kurzzusammenfassung

Nuklearforensische Untersuchungen spielen in der Nuklearsicherheit eine wichtige Rolle. Die
Resultate nuklearforensischer Untersuchungen muissen exakt und richtig sein und es muss
sichergestellt werden, dass diese sowohl einer genauen Uberprifung vor Gericht als auch
von unabhangigen Wissenschaftlern standhalten. Die Unabdingbarkeit zertifizierter
Referenzmaterialien wurde auch auf dem letzten Gipfel fur Nukleare Sicherheit in einem
‘Certified Reference Material Fact Sheet’ dezidiert zum Ausdruck gebracht. Zum
gegenwartigen Zeitpunkt sind keine Plutoniumreferenzmaterialien verfligbar, die fir den
Zeitpunkt der letzten chemischen Trennung der Mutter- von den Tochternukliden zertifiziert
sind. Die Bestimmung des Alters oder Produktionszeitpunkts nuklearen Materials wird seit
etwa drei Jahrzehnten in der Nuklearforensik angewandt. Kenntnis Uber das Alter
konfiszierten Nuklearmaterials kann erheblich dabei helfen, die Anzahl der mdglichen
Anlagen einzugrenzen in denen eine Plutoniumprobe hergestellt worden sein kdnnte. Die
Beziehung der Ergebnisse der haufig angewandten Pu/U Chronometer 28pu/?*U, #2°Pu/?°U
und 2*Pu/?**U zueinander und insbesondere mit dem oft vernachlassigtem Chronometer
242py/2ByY wurde untersucht und re-evaluiert. Es wurde gezeigt, dass die Beziehung der
Pu/U Chronometer untereinander nicht nur die Exaktheit der "Altersbestimmung" erhoéht,
sondern auch — im Fall von nicht Ubereinstimmenden Resultaten — dabei helfen kann, die
Herkunft der untersuchten Proben zu enthiillen. Das Profil, das die Ergebnisse der Pu/U-
Chronometer bilden, kann dabei helfen eine unvollstandige chemische Trennung zum
Produktionszeitpunkt oder eine Urankontamination zu entlarven. Weiters wurde eine
chemische U/Pu-Trennungsmethode entwickelt und optimiert sowie ein neuer Ansatz zur
massenspektrometrischen Messung (Thermale lonisationsmassenspektrometrie) von
Uranisotopen mit  Hilfe der Filamentkarbonisierung unter Anwendung der
Doppelfilamenttechnik untersucht. Dieser Messansatz erlaubt die Messung des
Uranisotopenverhdltnisses in Uranproben, die Spuren von Plutonium enthalten. Eine
verbesserte Abtrennung der in der aufgereinigten Uranfraktion verbliebenen
Plutoniumspuren wurde wéahrend der Messung erreicht. Dieser Ansatz kdnnte sich auch fur
andere Anwendungen als nitzlich erweisen, z. B. die Messung von **U und **Pu in
Mischoxidproben. Die wissenschaftliche Arbeit wurde am Direktorat G in der Abteilung fir
Standards fur nukleare L"Jberwachung, Sicherheit und Brennstoffkreislauf der Gemeinsamen
Forschungsstellen der Europaischen Kommission (EC-JRC-G.2), dem vormaligen Institut fir
Referenzmaterialien und Messungen (IRMM), in Geel, Belgien in Kooperation mit dem VIRIS
Labor der Universitat fur Bodenkultur Wien durchgeftihrt.

Stichworter:
Plutonium, Nuklearforensik, Altersbestimmung, Zertifizierte Referenzmaterialien, TIMS
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1 Introduction

1.1 The Nuclear fuel cycle

The nuclear fuel cycle serves the generation of electricity (so-called ‘nuclear power’). It
consists of several complex stages and processes from manufacturing nuclear fuel, its
irradiation in nuclear power reactors and treatment of the irradiated (spent) fuel. Spent fuel
needs to be stored, reprocessed, recycled or disposed of (permanent storage) depending on
the type of nuclear fuel cycle. A range of different nuclear reactors and several types of
nuclear fuel cycles exist. The type of nuclear fuel cycle applied in any specific country
depends on the state’s national policy (IAEA 2009). As the processes involved are very
complex only a basic description can be given here. For more detailed information the reader
is advised to refer to documents such as the International Atomic Energy Agency (IAEA)
publication IAEA-TECDOC-1613 ‘Nuclear Fuel Cycle Information System’ (IAEA 2009) for
further reading. Figure 1-1 represents an overview of the processes involved in the nuclear
fuel cycle. Not all processes shown in Figure 1-1 and described below may be applicable to

every specific nuclear fuel cycle.

A nuclear fuel cycle may be divided into three parts:

- The front-end processes of the fuel cycle occur before the nuclear fuel is irradiated in
the nuclear reactor i.e. the production of uranium fuel from uranium that has not been
irradiated before. These front-end processes start by locating suitable uranium ore
deposits and the development of uranium ore mines and the mining of uranium ore.
The uranium ore is subsequently converted into ammonium diuranate. This material
is also known as uranium ore concentrate or ‘yellow cake’. It contains 80 to 90%
U3Os. The production of uranium ore concentrate may involve milling and refining or
in-situ leaching. The uranium ore concentrate is converted into other chemical forms
in order to obtain UFs. The UFg's 2*°U content is subsequently increased to a level
that is suitable for irradiation in the nuclear reactor. This process is referred to as
‘enrichment’. In this process natural uranium (NU) is split into the by-product depleted
uranium (DU) and usually low-enriched uranium (LEU) (or in some cases high-
enriched uranium (HEU)). Fuel rods that can be inserted into the reactor as nuclear

fuel are produced from the enriched uranium (IAEA 2009).
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- For nuclear power reactor operation the nuclear fuel is irradiated with moderated
(slowed down) neutrons in the nuclear reactor in order to produce nuclear energy.
Irradiation is a process that induces nuclear fission of the fissile nuclides such as **U
in the nuclear fuel which in turn releases energy (heat). This heat is used for the
production of steam, which is used for the production of electricity via turbines. The
fission process results in the creation of daughter nuclides (fission products) and the
release of additional neutrons. These neutrons further a self-sustaining controlled
chain reaction. Fuel irradiation can last from one to several years depending on the
reactor type (IAEA 2009).

- The term back-end processes describes processes that take place after the irradiated
nuclear fuel is discharged from the nuclear reactor. It involves in situ fuel storage in
fuel ponds (wet storage) which is followed by away-from-reactor storage in wet or dry
conditions. Both in situ and away-from-reactor storage are considered interim storage
solutions for spent fuel. The spent fuel may on the one hand be reprocessed by
removing non-reusable components in order to recycle the reusable components for
nuclear fuel production. On the other hand, the spent nuclear fuel may be conditioned
for final disposal. The same is true for non-reusable components stemming from
nuclear fuel reprocessing. This nuclear waste is supposed to be stored in facilities for

final disposal without the intention of retrieving the material (IAEA 2009).

A nuclear fuel cycle can in some cases be run without recovery and reuse of nuclear
materials from the spent fuel. This type of fuel cycle is referred to as a ‘once-through’ or
‘open’ nuclear fuel cycle. Once it is discharged from the reactor, it is ‘cooled’ in cooling ponds
at the reactor. Subsequently, the spent fuel is retrieved from the in situ cooling pond and
transported into storage locations. The fuel is eventually conditioned and placed in a final
repository for long-term storage (IAEA 2009).

Alternatively, there is the so called ‘closed’ fuel cycle where nuclear material is recovered
from the spent fuel and reused after appropriate cooling of the irradiated fuel. The plutonium
and the remaining uranium are extracted from fission products, activation products, and other
actinides present in the spent fuel to be reused in fuel for nuclear reactors. In this way it is
possible to recover fissile nuclides such as ?*°U that has not been burned up and new fissile
nuclides such as ?**Pu that are produced during the irradiation in the nuclear reactor. The

recovered uranium and plutonium may be reprocessed into mixed uranium plutonium oxide
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(MOX) fuel for light water reactors and fast reactors. Recovered uranium can also be

blended with HEU into new reactor fuel.

For Natural Uranium Fuels
Fuel
Fabrication

MOX Fuel
Fabrication

Power Plant Electricity

Spent Fuel
Disposal

Spent Fuel
Storage

Figure 1-1: Schematic illustration of the nuclear fuel cycle (adapted from (IAEA 2009)). MOX stands for
mixed oxide fuel; HLW stands for High Level Waste.

The fabrication of re-enriched uranium (ERU) fuels is also a common nuclear reactor fuel
option for reprocessed fuel. Reprocessed uranium from different sources may be blended
with fresh uranium in order to design nuclear reactor fuel with the desired properties for
specific reactor types. Physical and chemical processes separate the above mentioned
valuable components from irradiated nuclear fuel. These processes result in the desired
reusable material and high level waste (HLW). The advantages of reprocessing are the more
efficient use of fissile material as an energy resource and the reduction of the volume and
radiotoxicity of the nuclear waste that eventually requires storage in deep geological
repositories (IAEA 2009). The Purex process is the most commonly used technical process
for the separation of fission products, uranium and plutonium, from spent nuclear fuel
(Baumgartner and Ertel 1980).

15



1.1.1 Uranium

The discovery of uranium was first presented to the Berlin Academy of Sciences in 1789 on
September 24 by Martin Klaproth. Martin Klaproth named the element he discovered after
the most recent planet to have been discovered. This planet had been named Uranus after
the muse of astronomy and geometry Urania. Uranium was first extracted in the form of
uranium oxide from the mineral pitchblende (Goldschmidt 1989). Natural uranium (NU) is
considered a weakly radioactive element. It contains the uranium isotopes ?**U, **U, and
2%y (Bleise, Danesi et al. 2003). Their relative masses, half-lives and specific activities are
shown in Table 1-1. The ?®U/?**U isotope ratio was found to vary slightly in nature (Weyer,
Anbar et al. 2008). It should be noted that other uranium isotopes such as **?U, **U, and #'U
are not present in NU (IAEA 2007). Minute amounts of 2°U (*°U/?8U < 10-*°) generated by
neutron capture in **U may be present in natural U ores (Hotchkis, Child et al. 2000).
Uranium occurs in nature in secondary minerals such as complex oxides, silicates,
phosphates and vanadates, and in the form of uranite or pitchblende (uraninite) (Bleise,
Danesi et al. 2003). The preparation of uranium metal was first accomplished in 1841 by the
French chemist Eugéne Peligot. Until the 1930s, the main application for uranium was the
production of yellow glass with green fluorescence and glazes for ceramics and porcelain in
orange, yellow, red, green and black. Uranyl nitrate has also been used in early photography.
Only in the 1930s was the isotopic composition of NU revealed (Goldschmidt 1989). Uranium
fission had been first suggested by Ida Noddack in 1934 (Noddack 1934). A 'bursting' of
uranium was discovered in 1938 by Otto Hahn and Fritz Strassman (Hahn and Strassmann
1939) and theoretically explained in 1939 by Liese Meitner and Otto Frisch, who introduced
the term ‘nuclear fission’ (Meitner and Frisch 1939). This discovery gave rise to the field of
nuclear energy, making use of the naturally-occurring fissionable isotope #*°U, the fertile
naturally occurring isotope ***U and the artificially produced fissionable isotope ***U (Morss,
Edelstein et al. 2006).

Table 1-1: The relative masses of U, ?°U and ?**U in natural uranium and their specific activities adapted
from (Bleise, Danesi et al. 2003) and their respective half-lives (IAEA 1986)

Isotope Relative mass (%) Half-life (a) Specific activity (Bg/g)
2y 0.006 2.457(3) x 10° 231 x 10°

25y 0.72 7.037(7) x 10° 80011

28y 99.3 4.468(5) x 10° 12455
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231 is the most abundant U isotope (Table 1-1). Possible parent nuclides of %*®U are **®*Pa
and **Pu and its initial decay product is ***Th (IAEA 2007). **®*U has the lowest specific
activity of the naturally occurring uranium isotopes as shown in (Table 1-1) since the

radioactivity of radio-nuclides depends on their half-lives (Bleise, Danesi et al. 2003).

%U is a uranium fissile isotope contained in NU (Table 1-1). The initial decay product of ***U
is *'Th (IAEA 2007). The high probability of #°U undergoing fission after capturing a thermal
neutron makes ?**U the most valuable uranium isotope in NU as it can be used for the
generation of nuclear energy in a nuclear reactor (IAEA 2009). Its high probability of
undergoing fission also makes ?**U the nuclide of interest for the generation of nuclear
weapons (Smith, Kristo et al. 2008). Uranium materials are therefore categorized by their
content of ?*U as shown in Table 1-2. LEU is usually used as power reactor fuel. DU is a by-
product of enrichment processes as it is depleted in U and #*U compared to NU, its

radioactivity is typically reduced to about 60 % of the radioactivity of NU (Bleise et al., 2003).

Table 1-2: Categories of uranium (Bleise, Danesi et al. 2003; Smith, Kristo et al. 2008)

Uranium type 25y
Weapons-grade uranium (WGU), pure uranium metal >93 %
High-enriched uranium (HEU) >20 %
Low-enriched uranium (LEU) < 20 % (typically 3 — 5 %)
Natural uranium (NU) 0.7%
Depleted uranium (DU) < 0.7 % (typically 0.2 - 0.3 %)

231 is the third isotope that is contained in significant amounts in NU (Table 1-1). Its initial
decay product is 2°Th (IAEA 2007). ?**U contributes to the same extent to the radioactivity of
NU as **U. The reason for this is its relatively short half-life (Table 1-1) (Bleise, Danesi et al.
2003). **'U is enriched along with ?**U in both centrifuge and diffusion enrichment processes.
Hence, the amount content of ***U has to be monitored during enrichment in order to keep its
amount content within the internationally accepted product specification of a mass
percentage < 1% relative to the mass of ?*°U in the enriched uranium product. Nuclear fuel
with an enrichment of 4% ?**U therefore typically contains slightly less than 0.04 % of 2*U.
The reason for this specification is the fact that ***U can absorb neutrons during reactor
operation creating ?*°U, which can in turn fission and release neutrons. This also leads to the

need for higher **U enrichment in nuclear reactor fuel made from reprocessed uranium
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(RepU) affecting the economy of RepU as it imposes the burden of additional enrichment
(IAEA 2007).

In addition to the naturally-occurring uranium isotopes, spent uranium fuel and RepU contain
synthetic uranium isotopes. ?*?U, U, #*°U, and #*’U are created during irradiation of uranium
fuel in nuclear reactors. These uranium isotopes are called ‘minor uranium isotopes’ along

with 2*U whereas #*°U and ?**U are termed ‘major uranium isotopes’.

During nuclear reactor operation, ?°U and #’U are generated by successive neutron
captures from 2*U. Likely parent nuclides of 2°U are #°Pa, **Np, and #*°Pu. The amount
content of **U present in irradiated uranium material is directly proportional to the burnup
level of the nuclear fuel (IAEA 2007). %*°U acts like ?**U as a neutron absorbing isotope, also
contributing to the need for higher ***U enrichment in nuclear reactor fuel made from
reprocessed uranium (RepU). As mentioned above, minute amounts of ?°U generated by

neutron absorption in >*U may be present in natural U ores (Hotchkis, Child et al. 2000).

1.1.2 Plutonium

Plutonium is often regarded as a man-made element. This widely-accepted perception may
be connected to the sequence of events in the discovery of plutonium. In 1940, Dr Glenn T.
Seaborg, Joseph W. Kennedy, Edwin M. McMillan, and Arthur C. Wahl first produced ***Pu
artificially through deuteron bombardment of **®*U. The newly-found element was named
plutonium after the planet Pluto, following the trend set by the names of the then-recently
discovered elements uranium and neptunium. The latter were named after planets in our
solar system in the order of their distance from the sun, starting with Uranus. In 1941 it was
discovered that **°Pu can be formed via several intermittent stages by bombarding ***U with
neutrons. Since then other plutonium isotopes (***Pu - **’Pu) have been generated. The first
clue for plutonium’s existence in nature was only obtained in 1948, when Dr Glenn T.
Seaborg succeeded in isolating trace amounts of ?**Pu from pitchblende. Plutonium turned
out to be a primeval element. Gigaton amounts of ***Pu and ***Pu were formed in supernova
explosions during the formation of the universe and of earth (Wallner, Faestermann et al.
2015). These plutonium isotopes can thus be regarded as natural radionuclides humankind
and nature have been exposed to since their beginnings. This so-called cosmogenic
plutonium, however, decayed over time, as all plutonium isotopes are radioactive. Only
minute traces of ***Pu of primordial stellar origin exist on our planet’s crust. “*°Pu’s non-
anthropogenic presence on earth can also be attributed to spontaneous neutron capture in

31 in natural uranium ore deposits (Taylor 2001; Wilcken, Barrows et al. 2007). Plutonium
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needs to be regarded as highly radiotoxic due to its high alpha particles emission rate
(Wallenius 2001).

Starting from 1945, the ‘nuclear age’ has led to the release of several tons of #°Pu into the
atmosphere. The major extent of such releases dates back to atmospheric nuclear weapon
tests in the 1950s and 1960s. The five plutonium isotopes *®Pu, ***Pu, *°Pu, **'Pu and ***Pu
are nowadays present on the surface of the Earth. All of these plutonium isotopes decay by
the emission of a particles into uranium daughter nuclides except for ***Pu, which decays by
B decay forming **Am. ?**Pu and *°Pu are most abundant (Taylor 2001). The isotopic
composition of anthropogenic plutonium depends on the source material (type of uranium
fuel; see Table 1-2) and its irradiation history. The isotopic composition of the resulting
plutonium varies depending on the type of nuclear reactor, its neutron spectrum (thermal or
fast neutrons), the neutron flux and the duration of the irradiation (burn-up) in the nuclear
reactor. Different types of reactors differ in their neutron energy distributions and thus the
yield of plutonium isotopes generated by neutron capture varies depending on the reactor
type (Mayer, Wallenius et al. 2012). For example, irradiated nuclear fuel from reactors with a
fast neutron spectrum contains primarily ?°Pu, while spent fuel from thermal reactors is
richer in heavier plutonium isotopes (Wallenius 2001). The longer the nuclear fuel is exposed
to neutron irradiation, the more plutonium is generated. In addition, more of the heavier
plutonium isotopes are generated with longer duration of the irradiation of the nuclear fuel.
The probability of neutron reactions such as neutron capture and fission is a function of the

neutron energy (Mayer, Wallenius et al. 2012).

About a third of the energy generated in a nuclear power reactor using **U based fuel is
generated by the fission of *°Pu that has been generated from *®U in the reactor (Taylor
2001). Although ***Pu is the fissile plutonium isotope, plutonium materials are categorised by
their *°Pu content. This is due to the fact that **°Pu is considered an undesired impurity for
the manufacturing of nuclear weapons as it decays by spontaneous fission. Table 1-3 shows

the categories of plutonium materials based on their *°Pu content (Smith, Kristo et al. 2008).

Table 1-3: Categories of plutonium (Smith, Kristo et al. 2008)

Plutonium type Description 240py
Super-grade plutonium (SGPu) pure plutonium metal <3%
Weapons-grade plutonium (WGPu) pure plutonium metal <7%
Reactor-grade plutonium (RGPu) produced in nuclear power reactors >19%

Fuel-grade plutonium (FGPu) produced in nuclear reactors 7-19%
MOX-grade plutonium (MGPu) recycled from MOX fuel > 30 %
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1.2 Nuclear Safeguards and Nuclear Security

1.2.1 Nuclear Safeguards

The term ‘nuclear safeguards’ traditionally refers to a set of technical measures by which the
correctness and the completeness of the declarations made by states about their nuclear
material and activities are verified. IAEA safeguards are applied to states that signed
safeguards agreements with the IAEA (Goldschmidt 1999). Euratom safeguards are applied
to all EU member states (EURATOM 2012).

As a consequence of the nuclear bomb detonations in Hiroshima and Nagasaki in Japan in
1945, the uncontrolled application of nuclear weapons technology was restricted. Hence, the

necessity of nuclear safeguards was first recognized (Goldschmidt 1999).

IAEA Nuclear Safequards

Discussing the possibility of uncontrolled spread of nuclear weapons technology, Dwight D.
Eisenhower, the president of the USA at that time, spoke before the United Nations General
Assembly in 1953. The proposals Eisenhower made concerned nuclear disarmament and
the promotion of the peaceful use of nuclear energy. His proposals to tackle these issues are
known as the ‘Atoms for Peace’ proposals. They were to become the basis for the IAEA
Statute of 1957 (Goldschmidt 1999). The article Il of the Statute of the International Atomic
Energy Agency (IAEA 1989) states with regard to nuclear safeguards:

The Agency is authorized [...] to establish and administer safeguards designed to
ensure that special fissionable and other materials, services, equipment, facilities, and
information made available by the Agency or at its request or under its supervision or
control are not used in such a way as to further any military purpose; and to apply
safeguards, at the request of the parties, to any bilateral or multilateral arrangement, or

at the request of a State, to any of that State's activities in the field of atomic energy.’

In 1957 the IAEA Treaty on the Non-Proliferation of Nuclear weapons (NPT) came into force.

The NPT deals with the prevention of the proliferation of nuclear weapons, the pursuance of

20



nuclear disarmament and the promotion of the peaceful uses of nuclear energy. The NPT
recognises 5 nuclear weapon States (United States of America, Russian Federation, the
United Kingdom, France, China) that have Voluntary Offer Agreements with the IAEA

covering some or all of their peaceful nuclear activities (IAEA 1972).

In order to secure the legal basis for applying additional measures to strengthen IAEA
nuclear safeguards the Model Additional Protocol (INFCIRC/540), was drawn up and
approved by the IAEA Board in 1997. These additional measures allow the IAEA to obtain
more information about a state’s nuclear programmes. It also allows IAEA inspectors access
to additional locations in the State that are relevant to confirming the exclusively peaceful

nature of the State’s nuclear programme (Goldschmidt 1999).

Material Balance Evaluation is a group of activities that have the objective of gaining
additional assurance on the correctness and completeness of the nuclear material
declarations. The safeguards mandate to independently evaluate the material balance
(including Material Unaccounted For (MUF), Shipper-Receiver Differences (SRD), and the D
statistic (D, quantification of observed discrepancies between inspection data and reported
data)) fundamentally depends on the estimates of the measurement errors associated with all
nuclear material quantities that enter the material balance. Uncertainty quantification in
nuclear safeguards evaluation is primarily concerned with monitoring uncertainty of
measurement systems at facilities under comprehensive safeguards agreements so that a
material balance evaluation can be conducted and the MUF can be assessed for significance
against that quantified uncertainty. To accomplish each of these Analysis Of Variance
(ANOVA) methods are applied to paired operator-inspector verification measurements in

order to estimate variance components (Walsh, Burr et al. 2017).

Euratom Nuclear Safequards

The European Union (EU) has a unique regional nuclear safeguard system. The Treaty
establishing the European Atomic Energy Community was signed in 1957 (EURATOM 2012)
and is known as the Euratom treaty. All 28 member states of the European Union are parties

to this treaty. The Euratom treaty states in articles 2 and 81, respectively (EURATOM 2012):

‘The Community shall [...] make certain, by appropriate supervision, that nuclear

materials are not diverted to purposes other than those for which they are intended’
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The Commission may send inspectors into the territories of Member States. [...] [The
Euratom] inspectors shall at all times have access to all places and data and to all
persons who, by reason of their occupation, deal with materials, equipment or
installations subject to the safeguards provided [...] to the extent necessary in order to

apply such safeguards to ores, source materials and special fissile materials’

Euratom nuclear safeguards is European law and thus also applicable in the two European
Nuclear Weapon States (United Kingdom and France). Euratom safeguards are based on
the nuclear operators’ accounting for and declaration of the amounts of nuclear materials in
their possession, as well as on the European Commission (EC) verifying the correctness and
completeness of such declarations by means of conformity assessment practices. The
Euratom safeguards system is based on decades of experience (EC 2014). It is a fully
established system that foresees the continuous or intermittent presence of Euratom
inspectors at nuclear facilities in the EU. Euratom safeguards conclusions are based on first
layer assessment, which includes operators measurement system evaluation, physical
verification of nuclear materials and material balance evaluation (Alique, Vaccaro et al.
2015). Measurement data are obtained through destructive and non-destructive assay for
nuclear material balance evaluation. Containment and surveillance systems are set up and
maintained. Auditing activities and the collection of historical measurement data are also

among Euratom’s tasks (Thorstensen and Chitumbo 1995).

Euratom and IAEA co-operation in Nuclear Safequards

Euratom and the IAEA co-operatively apply nuclear safeguards in order to improve cost-
effectivity and efficiency (Thorstensen and Chitumbo 1995). These joined inspection efforts
are based on the Euratom/IAEA verification agreement (INFCIRC/193) of 1973 (IAEA 1973).
This agreement on the application of nuclear safeguards applies to EU member states that
are non-nuclear weapon states and that are party to the NPT. In 1992 the ‘New Partnership
Approach’ (NPA) was agreed upon by Euratom and the IAEA in order to further and improve
the application of nuclear safeguards within the EU by avoiding the duplication of inspections

and other efforts supporting nuclear safeguards.

Common safeguards activities of Euratom and the IAEA are comprised of arrangements
termed the ‘observation regime’ and ‘joint team inspections’, which involve staff from both

organizations. In ‘Joint team inspections’ inspection activities are performed by Euratom
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inspectors and IAEA inspectors or by Euratom inspectors under the observation of IAEA
inspectors (Thorstensen and Chitumbo 1995). Whereas the IAEA distinguishes between
nuclear weapon states and non-nuclear weapon states, the EC inspects all the civilian
nuclear installations of the nuclear fuel cycle in the EU - also in France and the United

Kingdom, who are the only EU Member States which possess nuclear weapons (EC 2014).

International Target Values

Nuclear safeguards require analytical measurements for the accountancy and control of
nuclear material. The 1972 IAEA document INFCIRC/153 ‘The Structure and Content of
Agreements Between the Agency and States Required in Connection with the Treaty on the
Non-Proliferation of Nuclear Weapons’ states (IAEA 1972):

T...] the system of measurements on which the records used for the preparation of
reports are based, shall either conform to the latest international standards or be

equivalent in quality to such standards.’

In nuclear safeguards related measurements this translates as meeting the International
Target Values (ITVs) for Measurement Uncertainties in Safeguarding Nuclear Materials
(IAEA 2010). ITVs are defined as

I...] uncertainties to be considered in judging the reliability of analytical techniques
applied to industrial nuclear and fissile material that are subject to safeguards’
verification’ (IAEA 2010).

Operators of nuclear facilities and nuclear safeguards organizations are urged to use ITVs as
a reference for the quality of measurements that can be achieved in nuclear material
accountancy (Jakopic, Bauwens et al. 2011). The concept of ITVs was developed by the
European Safeguards Research and Development Association (ESARDA) Working Group
on Standards and Techniques for Destructive Analysis (WGDA). The IAEA adopted this
concept in the early 1990s (Deron, Kuhn et al. 1994). The IAEA, ESARDA, the Institute for
Nuclear Materials Management (INMM) and other expert groups reassessed the ITVs
resulting in the publication of revised ITV values in 2010 (IAEA 2010).
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Advancements in analytical technigues constantly lead to more stringent requirements for the
performance of laboratories involved in nuclear material accountancy. State-of-the-art
certified nuclear reference materials (CRMs) are of vital importance to keep up with these
requirements. The European Commission Joint Research Centre — Directorate G — Nuclear
Safety & Security - Unit G.2 - Standards for Nuclear Safety, Security and Safeguards (EC-
JRC-G.2) Geel, Belgium, formerly Institute for Reference Materials and Measurements (EC-
JRC-IRMM) therefore develops and certifies CRMs tailor-made for reliable measurements in
fissile material accountancy. Thereby EC-JRC-G.2 aids in fulfilling the EC's obligation under

the Euratom Treaty (Jakopic, Bauwens et al. 2011).

1.2.2 Nuclear security

Nuclear security is aimed at preventing and detecting intentional unauthorized activities and
crimes such as theft, sabotage, unauthorized access and illegal transfer that are linked to or
directed towards nuclear and other radioactive materials or associated facilities and
activities. Nuclear safeguards are based on international agreements such as INFCIRC 193
and INFCIRC 540 and have the rank of European law in the EU (IAEA 1973; IAEA 1997; EC
2014). Nuclear security is the responsibility of regulatory bodies at the national level (IAEA
2013). The president of the EC at that time José Manuel Barroso confirmed in his statement
at the 2012 Seoul Nuclear Security Summit that the European Union is committed to
countering proliferation and to ensure that the best safety, security and non-proliferation
standards are followed in countries using nuclear energy (Barroso 2012). The importance of
the international initiative on a holistic Safety, Security and Safeguards (‘3S") concept for
nuclear energy was confirmed at this summit (Seong-whun 2011). At the 2014 Nuclear
Security Summit in The Hague, the Netherlands, 24 states signed a joint statement on
Forensics in Nuclear Security. This statement encourages the states to work with one
another, as well as with the IAEA, in the development and enhancement of nuclear forensics
capabilities and standardisation (NSS 2014). The 2016 Nuclear Security Summit ‘Certified
Reference Material Fact Sheet’ states that nuclear forensic analyses must yield accurate and
precise results that can withstand scrutiny in a court of law and from the international
community in order to be effective. Furthermore it describes the need for CRMs as
'indispensable’ (NSS 2016). The EC-JRC strives to provide such CRMs and metrological
conformity assessment tools for nuclear forensics and nuclear safeguards applications.
Nuclear forensics serves nuclear security in helping to solve crimes involving nuclear

material. Metrological traceability and quality assurance play a vital role in nuclear forensics.
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The results of nuclear forensic investigations need thus not only be scientifically defensible
but may also have to withstand being contested in a court of law or during a security

response process (Varga, Venchiarutti et al. 2015).
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1.3 Nuclear Forensics

Traditional forensic investigations are largely based on the ‘Locard principle’. This framework
on criminal investigation has been largely based on the works of the French pioneer Edmont
Locard (1877-1966) as well as the works of his predecessors and contemporaries. The
Locard principle states that (criminal) events can be linked to the locations (crime scenes)
and individuals involved in the event (victims and perpetrators) in the absence of human
witnesses. Traces such as fibres of fabric, hair, blood stains, semen, tool marks, fingerprints
and foot prints bare silent but factual witness to criminal events. Decades later DNA also
became an ally of vital importance to crime scene investigation (Chisum and Turvey 2000).

The advent of the discovery of the first cases of smuggling and illicit trafficking of nuclear
material in the early 1990s gave rise to a new discipline within the field of forensic
investigation: nuclear forensics. Initially, existing techniques were borrowed from other
disciplines such as nuclear safeguards application as specific methods catering specifically
to the needs of nuclear forensic investigations were still to be developed. Contrary to
identifying the suspect malefactor of the crime as described above, nuclear forensics’ main
objective is to gather evidence on the history and origin of seized nuclear material, e.g.
uranium or plutonium (Mayer, Wallenius et al. 2005). To address these tasks on an
international level, the Nuclear Forensics International Technical Working Group (ITWG) was
formed in 1995/1996. This group represents an international association of official
responders to nuclear security events. The nuclear forensics experts of ITWG include
scientists, law-enforcement, and regulatory officials. The ITWG works towards the best
practices in forensic investigations involving nuclear or radioactive material as the object of
the investigation as well as when traditional forensic investigations are conducted on items
that are contaminated with such materials. Both types of investigations assist in the event of
the discovery of nuclear or radioactive material out of regulatory control (Garrett, Mayer et al.
2014).

The goal of nuclear forensics is to use the information on the origin of nuclear material out of
regulatory control for the prevention of future diversion and theft of nuclear material from the
facility where the material originated from by means of enhancing physical protection

measures (Mayer, Wallenius et al. 2005).

Hence, nuclear forensics is a technique whereby future events of a similar nature are
prevented as opposed to the classical forensic investigative approach where the focus is

largely based on bringing the suspected perpetrator of the crime to justice.
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To this end, nuclear forensics utilizes the exclusion principle rather than directly identifying a
person/event/location as is possible in an ideal case of traditional forensic investigation, for
instance by the means of matching the DNA profile of a wrongdoer left behind at a crime

scene with the DNA of a suspect.

In nuclear forensics a set of various parameters of seized nuclear material is investigated
(Mayer, Wallenius et al. 2012):

- Isotopic composition and amount contents of major elements (plutonium, uranium)

- Presence and amount contents of impurities e.g. anionic impurities such as fluoride,

chloride, nitrate, sulphate, and rare earth elements (REE)
- Isotopic composition of impurities e.g. strontium, lead and oxygen
- Physical appearance (dimensions of larger objects)
- Morphology of particle form and size of powders

- ‘Age’ or ‘production date’ of the material, i.e. the time since the last (complete)

removal of the daughter nuclides from the parent material

All of the parameters listed above except the final one help in deciphering the production
process of the material and the conditions the material has been subjected to such as burn
up in a nuclear reactor and/or the reactor type the material was intended for. Strontium, lead
and oxygen isotopes and REE patterns can help narrow down the sites where the uranium

ore for producing uranium ore concentrates has been mined (Mayer, Wallenius et al. 2012).

The last parameter listed above in which forensic investigators are interested in is the ‘age’ of
the material. On the one hand, the age of the material can be employed to derive the initial
composition of the material at the time of its ‘production’ which in turn aids reconstructing the
intended use and the production processes the material was subjected to (Wallenius,
Peerani et al. 2000). On the other hand, knowledge of the age of the material helps
significantly in reducing the number of facilities where the material could potentially have
originated from. Facilities that went into operation after the determined ‘production date’ of
the seized material can be excluded from the list of possible facilities of origin (Redermeier
2009). A detailed discussion on age determination for nuclear forensic purposes is given in

the following chapters.

None of the characteristics listed above, however, is able to directly point to the origin of the

seized material and to tell its history. Even careful consideration of all of the parameters for
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one particular material cannot directly give this information, although isotope correlation
using computational programmes such as ORIGEN2/SCALE may be used, for instance, to
predict a specific reactor type from the irradiation of seized material (Wallenius, Peerani et al.
2000). Careful interpretation and comparison with materials of similar characteristics with
known origin and/or history is needed. Databases for the comparison of findings are

therefore of vital importance.

The above-mentioned ITWG fosters a special task group called ‘national nuclear forensic
libraries’. This task group works toward the establishment of national libraries that contain
information about the nuclear and other radioactive material that is stored in a particular
country or was manufactured there, including information about the history and the
production process of the materials. Such a library could either be an electronic database or
a sample archive. These libraries shall in the future allow the state to readily provide relevant
information in case of nuclear security events (Garrett, Mayer et al. 2014).

The IAEA lllicit Trafficking Database (ITDB) was established in 1995 in order to help
participating states to tackle nuclear security challenges such as illicit trafficking of nuclear
material by enhancing the exchange of authoritative information regarding incidents among
states. Furthermore, the ITDB supports the IAEA’s nuclear security programme for instance

by analysing trends, threats and the performance of material security system (IAEA 2006).

Although only 4 out of 275 reported cases of illicit activities in a 13-year period from 1993 to
2006 involved plutonium according to the ITDB (IAEA 2006), illegal activities involving
plutonium are of major concern from a national and nuclear security perspective (Byerly,
Stanley et al. 2016).
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1.4 Radio-chronometry

Radio-chronometry is based on the continuously changing elemental composition of various
materials due to radioactive decay. The radioactive decay of an unstable parent nuclide
leads to the formation of a radioactive disequilibrium with its decay products or so-called
‘daughter nuclides’. This radioactive disequilibrium arises from the radioactive decay of
parent and also as ingrowth and subsequent decay of (grand) daughter nuclides (Faure
1977). This principle is routinely employed in the fields of geology and archaeology using
different nuclide systems. Corals, bone fossils and marine carbonates can be dated via the
24U/3°Th and the ?**U/*'Pa chronometers. “°K/*°Ar and ®’Rb/®’Sr dating as well as the **C
method are regularly used for the chronometry of a variety of rock, mineral and organic
samples relevant to geology and archaeology (Gallup, Edwards et al. 1994; Edwards, Cheng
et al. 1997). The above-mentioned nuclide systems are used to determine the time that has

passed since the geological or organic structure in question was formed.

Unstable nuclides decay forming daughter nuclides following distinct schemes of nuclear
decay. In the event that the daughter nuclide is also unstable it decays further into yet
another daughter nuclide. The latter is sometimes referred to as granddaughter nuclide to the
parent nuclide. In this fashion a so-called decay chain is formed. This process comes to an
end once a stable nuclide is formed that does not decay any further (Watchman and Twidale
2002).

The prerequisites of radio-chronometry are (Watchman and Twidale 2002; Stanley 2012):

- There are no (or only negligible) amounts of the daughter nuclide present at the time
of formation or production of the material. Any radio-chronometric age determination
aims at determining the timespan between this ‘time zero’ and the time of the age

determination experiment.

- The sample in question has remained a closed system from ‘time zero’ onwards. No

addition or removal of either parent or daughter nuclides has taken place.

- Only ratios forming parent-daughter nuclide pairs that are changing over time are
eligible for radio-chronometry until secular equilibrium is reached. At that point in time
the number of atoms stemming from the decay of the parent radionuclide is equal to
the number of atoms of the daughter radionuclide that are decaying. This means that
any chronometer is only applicable for a certain time from ‘time zero’ onwards. This
depends on the relationship of the half-lives of parent and daughter nuclide. Once a

secular equilibrium is reached, the chronometer is rendered useless. In cases where
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the daughter nuclide’s half-life is very short a secular equilibrium between this
daughter nuclide and its parent nuclide is reached very quickly. In such cases a
‘granddaughter’ nuclide with a more favourable half-life can replace the daughter
nuclide in the chronometer. This principle is applied when dating uranium via the
235U/%'Pa chronometer (Stanley 2012).

For the period from time zero to the point in time when a secular equilibrium is reached the
age of a material can be determined given all of the above mentioned prerequisites are
fulfilled. The maximum age that can be determined with a specific chronometer is an inherent

property of that chronometer.

Equations 1.4.1 to 1.4.3 describe the process of age determination based on the radioactive
decay of the parent and daughter nuclides (Stolz 2005).

The measured amount of the parent nuclides P at the time of the dating experiment (present
time) is represented by Py; t is the time span from the time of the production of the material to
the time of the experiment and hence represents the age of the sample. The amount of the
parent nuclide P at time zero when the material was formed or produced (t = 0) is Po. Dy is
the measured amount of the daughter nuclide D present in the sample at the time of the
experiment. Dy represents the amount of daughter nuclide D directly after the formation or
production of the sample (t = 0). Dy is assumed to be zero as otherwise the prerequisite for
radio-chronometry is not fulfilled and dating of the material in question via this chronometer is
rendered impossible. The decay constants Ap and Ap of the parent and the daughter nuclide

are calculated from their respective half-lives t;, according to Equation 1.4.3.

Py = Py X eAPxt Equation 1.4.1

Ao x Pox (e’ t eh Pt

Dy=Dgxe™*P*t+
t 0 o o)

Equation 1.4.2

A=z Equation 1.4.3

tip2

Hence by assuming that the initial ratio of Do/Po = 0 and determining the present ratio of D/P;

the time span t (age) of the sample can be calculated. A detailed description of the
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calculation of the age is shown in Equations 1.6.2.5 to 1.6.2.8 for plutonium dating via the
chronometer **Pu/**U in chapter 1.6.2.

1.4.1 Age determination in Nuclear Forensics

Although radio-chronometry always applies the same principles, there are differences
between age determination in disciplines such as geology and archaeology to age

determination for nuclear forensic purposes:

- Nuclear forensic samples are man-made processed artefacts such as plutonium and
uranium materials made from refined uranium ore as opposed to samples that have

been formed by geological or biological processes such as rocks and corals.

- Nuclear forensic samples have a so-called ‘production date’ which represents the
latest manipulation during which the daughter nuclides have been removed from the
material leaving their respective parent nuclides behind. Therefore, as opposed to
geological or biological samples, nuclear materials can be made ‘young’ again by
repeated manipulation. Such manipulations (chemical separation, reprocessing) wipe
out the aging history for that particular chronometer until the latest removal of
daughter nuclides.

- The time spans looked at in nuclear forensics samples are distinctively different from
the time spans of concern in the fields of geology and archaeology. Archaeology
deals with millennia; geology is concerned with time spans in the 10° to 10° year
range. In contrast to that nuclear forensics deals with samples that are only decades

old at most (Wallenius and Mayer 2000).

As mentioned in chapter 1.3, none of the nuclear materials’ characteristics (isotopic
composition and amount contents of major elements, impurities, physical appearance, and
age) used in nuclear forensics investigations and nuclear safeguards point directly at the
origin and history of seized material. The age of the material is, however, as opposed to the
other characteristics listed above, a self-explaining parameter. This means that the
determined age does not need to be compared to other samples. This unique feature makes
the production date one of the most telling signatures in nuclear forensics (Varga,
Venchiarutti et al. 2015).
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Chapter 1.4.2 is dedicated to the age determination of plutonium, while a comprehensive
overview of uranium radio-chronometry is beyond the scope of this work. Detailed
discussions on uranium age determination can be found elsewhere (Mayer, Wallenius et al.

2012; Stanley 2012). A short overview is given here.

- The #*U/*°Th chronometer is not only the most prevalent chronometer for the age
determination of uranium in nuclear forensics investigations and in nuclear
safeguards but has also been used extensively for dating geological samples
(Stanley 2012).

- The #°U/?'Pa chronometer uses the ‘granddaughter’ nuclide *'Pa of ?°U instead of
its daughter *'Th. %' Th has a very short half-life of only about 25.52 hours and hence
quickly reaches a secular equilibrium with #*°U. This chronometer has been used for
dating uranium materials for nuclear forensics studies as well as for dating geological

and environmental samples (Stanley 2012).

- The #*U/***Bi chronometer also does not use the direct progeny ?°Th of **U, but a
rather distant relation (3**U — *’Th — **Ra — ?*Rn — #®Po — ?"Pb — #*Bi). This
chronometer is only applicable to HEU where ?**U is abundant or to old uranium

materials allowing enough time for a quantifiable #*Bi ingrowth (Stanley 2012).

- The #U/*Th chronometer is not very often employed in the age determination of

uranium as #**U is rare in most uranium samples (Stanley 2012).

1.4.2 Age determination of Plutonium

Table 1-4 lists the chronometers (***Pu/**Am, #®Pu/®*U, #°Pu/?°U, **°Pu/**U and
242py/?*Y) used for plutonium age determination and the respective half-lives of the parent
(**'Pu, ?*®Pu, #°Pu, **°Pu and ***Pu) and daughter nuclides (***Am, ?*'U, ?**U, ?*°U and ***V).
For the age determination of plutonium only direct parent and daughter relationships are
used unlike the age determination of uranium materials briefly described in chapter 1.4.1. A
reset of the plutonium chronometers occurs for example during reprocessing of irradiated
uranium fuel rods when the plutonium is separated from fission products by chemical
processes. The daughter nuclides are also removed from the plutonium matrix during this

process (Stepanov and Chekmarev 2008).
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Table 1-5 gives a summary of literature concerning plutonium age determination during the
last 30 years. Despite carful literature research no claims regarding the completeness of the

list can be made.

Eleven out of the 23 articles listed employ only one out of the five available chronometers for
plutonium age determination (Kirby and Sheehan 1984; Keegan and Gehrke 2003; Nguyen
2006; Varga, Suranyi et al. 2007; Zhang, Zhu et al. 2008; Shinonaga, Donohue et al. 2009;
Rameback, Nygren et al. 2012; Shinonaga, Donohue et al. 2012; Miyamoto, Esaka et al.
2013; Miyamoto, Suzuki et al. 2015; Alamelu and Aggarwal 2016). These studies solely
employ the **'Pu/**Am chronometer. Given analytical strategy and instrumentation often
used for determining the age of a plutonium sample via the ***Pu/**'Am chronometer
(determination of ***Am mostly via alpha or gamma spectrometry) as opposed to the Pu/U
chronometers (determination of U daughters mostly via TIMS or ICP-MS), this is not
surprising. However, it is advantageous to use more than one chronometer whenever
possible. On the one hand, if all results agree the confidence in the determined production
date of the material is enhanced. On the other hand, if the production dates obtained by
several chronometers do not match within their calculated uncertainties, erroneous
conclusions can be avoided and additional information on the history of the material may be
gained. Inconsistent production dates determined for one sample by different chronometers

may be attributed to different events in the history of the sample:

- The sample may actually be a mix of two or more different materials of different
production dates. This is a distinct possibility for powder materials (Wallenius,
Litzenkirchen et al. 2007).

- The daughter nuclides may not have been completely removed during the
‘production’ of the material. This situation has to be always kept in mind as industrial
processes and other manipulations often do not intend to remove the decay products
gquantitatively because a small fraction of decay products may not be critical for the

intended use of the material.

- The integrity of the sample as a closed system is not certain. There may be the
possibility of a cross-contamination of the sample material with natural or non-natural
uranium. The presence of non-radiogenic uranium in plutonium samples must also be

kept in mind as they may have been handled in facilities where uranium is present.
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A mixture of different materials can only be resolved by subsampling single particles and
analysing them separately, if applicable, whereas non-quantitative removal of decay products
and contamination of plutonium samples can be resolved by analysing the relations between
the results of the different chronometers. This process has been discussed in detail for the
Pu/U chronometers in (Sturm, Richter et al. 2014).

All of the listed publications in Table 1-5 including the publications that are part of this thesis
exclusively concern non-particle sample sizes (here termed bulk samples) except for six
publications (Wallenius, Tamborini et al. 2001; Wallenius, Lutzenkirchen et al. 2007;
Shinonaga, Donohue et al. 2009; Shinonaga, Donohue et al. 2012; Miyamoto, Esaka et al.
2013; Miyamoto, Suzuki et al. 2015), which (also) deal with the age determination of

plutonium patrticles.

Chapters 1.4.2.1 to 1.4.2.3 discuss plutonium age determination via the chronometers
241pyPam, 28pu/Pty, 2PufU, #°Pu/?tU and #*?Pu/*®U. The work dedicated to the age
determination of plutonium published in the scope of this thesis (Sturm, Richter et al. 2014;
Sturm, Richter et al. 2016) concentrates on the age determination of plutonium via the Pu/U

chronometers 22pu/*u, 2°Pu/?°U, 2*°Pu/*®U and 2*?Pu/?®u.

Table 1-4: The chronometers for plutonium age determination and the respective half-lives of the parent and
daughter nuclides. The uncertainties are given as originally published: Standard uncertainties are displayed for
reference (IAEA 1986); the expanded uncertainty (k = 2) is displayed for reference (Wellum, Verbruggen et al.
2009)

Chronometer [Half-life parent (a) |Reference Half-life daughter (a) |Reference

28py By 87.7(3) (IAEA 1986) 2.457(3) x 10° (IAEA 1986)
29py/cy 2.411(3) x 10* (IAEA 1986) 7.037(7) x 10° (IAEA 1986)
20py/?oy 6563(7) (IAEA 1986) 2.342(3) x 10’ (IAEA 1986)
1py/am  [14.325(24) (Wellum, Verbruggen et al. 2009) |432.7(5) (IAEA 1986)
242p 338y 3.735(11) x 10° (IAEA 1986) 4.468(5) x 10° (IAEA 1986)

1.4.2.1 The *'Pu/”*Am chronometer for plutonium age determination

Out of the 23 publications listed in Table 1-5 eighteen employ the ***Pu/***Am chronometer
(Kirby and Sheehan 1984; Moody 1995; Wallenius and Mayer 2000; Keegan and Gehrke
2003; Nguyen 2006; Nygren, Rameback et al. 2007; Varga, Suranyi et al. 2007; Wallenius,
Latzenkirchen et al. 2007; Zhang, Zhu et al. 2008; Chen, Chang et al. 2009; Shinonaga,
Donohue et al. 2009; Spencer, Tandon et al. 2009; Rameback, Nygren et al. 2012;

34



Shinonaga, Donohue et al. 2012; Miyamoto, Esaka et al. 2013; Miyamoto, Suzuki et al. 2015;
Alamelu and Aggarwal 2016; Byerly, Stanley et al. 2016). Eleven of these articles exclusively
describe employing the ***Pu/”**Am chronometer (Kirby and Sheehan 1984; Keegan and
Gehrke 2003; Nguyen 2006; Varga, Suranyi et al. 2007; Zhang, Zhu et al. 2008; Shinonaga,
Donohue et al. 2009; Rameback, Nygren et al. 2012; Shinonaga, Donohue et al. 2012;
Miyamoto, Esaka et al. 2013; Miyamoto, Suzuki et al. 2015; Alamelu and Aggarwal 2016).

Consequently, it is obvious from this literature review that the most prevalent measurement
strategies for age dating via the *'Pu/*'Am chronometer are gamma spectrometry
(Wallenius and Mayer 2000; Keegan and Gehrke 2003; Nguyen 2006; Wallenius,
Lutzenkirchen et al. 2007; Rameback, Nygren et al. 2012) and alpha spectrometry in
combination with either TIMS or with ICP-MS (Kirby and Sheehan 1984; Moody 1995; Varga,
Suranyi et al. 2007; Zhang, Zhu et al. 2008; Chen, Chang et al. 2009; Rameback, Nygren et
al. 2012; Shinonaga, Donohue et al. 2012; Byerly, Stanley et al. 2016). The disadvantage of
these methods is that they provide only results for the **Pu/***Am chronometer and hence
additional experiments (which are often outside of the scope of the project) are required to
obtain age dating results for other chronometers with which to compare and validate the

result of the ***Pu/?**Am chronometer.

It is also possible to determine ***Am by mass spectrometry despite the similarity of its mass
to 'Pu. This interfering isotope can be removed by chemical separation; the absence of
plutonium in the purified americium fraction can be checked easily by monitoring masses of
other plutonium nuclides during the americium measurement with a multi-collector mass
spectrometer. The feasibility of the application of mass spectrometry for dating plutonium via
the *Pu/**Am chronometer has already been demonstrated (Wallenius and Mayer 2000;
Nygren, Rameback et al. 2007; Chen, Chang et al. 2009; Spencer, Tandon et al. 2009;
Miyamoto, Esaka et al. 2013; Miyamoto, Suzuki et al. 2015).

The reason for the rare application of TIMS or ICP-MS for the measurement of ***Am is the
lack of a suitable commercially available ***Am IDMS (Isotope Dilution Mass Spectroscopy)
CRM spike. This problem not only occurs during the age determination of plutonium via the
241py2 Am chronometer, but also during the accurate determination of ***Am for nuclear
safety and security proposed as well as nuclear safeguards. The IAEA 2014 Technical
Meeting on Nuclear Reference Materials for Destructive Analysis recognized the need for
such a ?*Am IDMS CRM spike. Recommendations towards the solution of this shortage
were made. CEA/CETAMA (CEA/DEN Marcoule, France) and EC-JRC initiated a joint
project for the preparation and certification of a *Am CRM spike (Fankhauser, Jakopi¢ et al.
2016). Experiments concerning the age determination of plutonium via the **Pu/**Am

chronometer by TIMS conducted in the course of this thesis served as the ‘pioneering’
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feasibility study for the above-mentioned certification project for a ***Am IDMS CRM spike
conducted at EC-JRC. The certification of this ***Am CRM spike is, however, outside the
scope of this doctorate thesis.

1.4.2.2 The #*°Pu/?°U, #°Pu/?*U and #®Pu/?**U chronometers for plutonium age
determination

As far as plutonium chronometry via the Pu/U chronometers is concerned, usually at least
three chronometers #**Pu/*'U, *°Pu/*U and **°Pu/*°U are examined in parallel. These
three chronometers are discussed in this chapter while the ?*?Pu/?®U will be discussed

separately in chapter 1.4.2.3.

Out of the twelve articles listed in Table 1-5 that employ at least one of the Pu/U
chronometers, nine employ all three of the Pu/U chronometers discussed in this chapter
(**BPu”U, »*PufU and #°Pu/®®U) (Moody 1995; Wallenius, Peerani et al. 2000;
Wallenius, Tamborini et al. 2001; Wallenius, Litzenkirchen et al. 2007; Spencer, Tandon et
al. 2009; Sturm, Richter et al. 2014; Byerly, Stanley et al. 2016; Sturm, Richter et al. 2016;
Varga, Nicholl et al. 2016). This is hardly surprising as the IDMS experiment that yields the
amount content of the plutonium parent nuclides readily yields the amount contents of all
available plutonium nuclides without the need for separate experiments. The same is true for

the IDMS experiment yielding the amount contents of the uranium daughter nuclides.

Mass spectrometry is the method of choice for the age determination of bulk plutonium
samples via the Pu/U chronometers: mostly exclusively TIMS (Moody 1995; Wallenius and
Mayer 2000; Wallenius, Peerani et al. 2000; Wallenius, Litzenkirchen et al. 2007; Spencer,
Tandon et al. 2009; Sturm, Richter et al. 2014; Sturm, Richter et al. 2016) and ICP-MS
(Nygren, Rameback et al. 2007; Chen, Chang et al. 2009; Varga, Nicholl et al. 2016) are

used in order to determine both parent and daughter nuclides.

For the age determination of plutonium particles via Pu/U chronometers, secondary ion mass
spectrometry (SIMS) has been used (Wallenius, Tamborini et al. 2001; Wallenius,
Lutzenkirchen et al. 2007).

The *°Pu/?**U chronometer for plutonium age determination

Concerning the Pu/U chronometers, the ?*°Pu/?°U can be considered the most robust among
these as far as contamination with non-radiogenic uranium is concerned. Its result will not be
altered by the presence of NU as ?*°U is not present in natural uranium (De Laeter, Boelke et

al. 2003). The risk of an alteration of the age dating result of the **°Pu/***U chronometer by
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non-radiogenic uranium rich in **°U has been assessed and discussed in detail by Sturm et
al. (Sturm, Richter et al. 2014) and was deemed unlikely. Hence, the *°Pu/**°U chronometer
can be used for assessing the nature of non-radiogenic contamination of a plutonium sample
in the event that the other U/Pu chronometers do not match the *°Pu/***U chronometer and
each other (Sturm, Richter et al. 2014).

Therefore it is not surprising that all articles featured in Table 1-5 which use Pu/U
chronometers also use the **°Pu/**°U chronometer: The **°Pu/***U chronometer is often used
in combination with the #*®*Pu/?*U and ***Pu/**°U chronometers (Moody 1995; Wallenius,
Peerani et al. 2000; Wallenius, Tamborini et al. 2001; Wallenius, Litzenkirchen et al. 2007;
Spencer, Tandon et al. 2009; Sturm, Richter et al. 2014; Byerly, Stanley et al. 2016; Sturm,
Richter et al. 2016; Varga, Nicholl et al. 2016). Two of the articles rely solely on the
240pu/?*y chronometer among the Pu/U chronometers (Nygren, Rameback et al. 2007;
Chen, Chang et al. 2009) and one uses the *°Pu/?®U chronometer in combination with the

239pu/?*U chronometer only (Wallenius, Peerani et al. 2000).

The #°Pu/”**U chronometer for plutonium age determination

The #°Pu/?®*U chronometer’s age dating result is usually measured along with other Pu/U
chronometers. Its major advantage is its sensitivity to contamination of the plutonium sample
with HEU. In such a case this chronometer may yield an older age compared to the age
dating results of the *®*Pu/?**U and the #*°Pu/***U chronometers (Sturm, Richter et al. 2014).
Ten out of the twelve articles that use Pu/U chronometers shown and featured in Table 1-5
use *°Pu/”*U in combination with other Pu/U chronometers (Moody 1995; Wallenius and
Mayer 2000; Wallenius, Peerani et al. 2000; Wallenius, Tamborini et al. 2001; Wallenius,
Lutzenkirchen et al. 2007; Spencer, Tandon et al. 2009; Sturm, Richter et al. 2014; Byerly,
Stanley et al. 2016; Sturm, Richter et al. 2016; Varga, Nicholl et al. 2016).

The Z®Pu/?**U chronometer for plutonium age determination

The #®Pu/?*U chronometer’s result is less straightforward to obtain than those for the
29pu/”®U and *°Pu/?®U chronometers. A peak-tailing correction needs to be performed for
the considerably smaller ?®Pu signal for influences from the significantly bigger **Pu in order
to avoid artefacts. However it is worthwhile employing the ***Pu/?**U chronometer, as it is as
powerful indicator for incomplete removal of the radiogenic uranium daughters at the

‘production date’ in case the ***Pu/***U chronometer gives a younger age compared the
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29pul®U and °Pu/”®U (and **?Pu/®U) chronometers. Furthermore, the 2*Pu/?**U
chronometer’s age result can in such a case help to establish a maximum age of the sample
(Sturm, Richter et al. 2014).

Considering the publications listed in Table 1-5, the ?*®*Pu/?®**U chronometer has exclusively
been used in combination with both the **Pu/?°U chronometer and the 2*°Pu/**°U
chronometer (Moody 1995; Wallenius, Peerani et al. 2000; Wallenius, Tamborini et al. 2001,
Wallenius, Litzenkirchen et al. 2007; Spencer, Tandon et al. 2009; Sturm, Richter et al.
2014; Byerly, Stanley et al. 2016; Sturm, Richter et al. 2016; Varga, Nicholl et al. 2016).

1.4.2.3 The **?Pu/?®*®U chronometer for plutonium age determination

The nuclide pair ***Pu/**®U can be used as a chronometer for the age determination of

plutonium but it is usually dismissed as of little value.

On the one hand, it is rather cumbersome to obtain a meaningful result from this
chronometer: the amount content of radiogenic uranium in aged plutonium samples is low
due to the long half-life of the mother nuclide ***Pu. In addition to that, the amount content of
#38py present in plutonium samples is usually substantial. This poses an analytical challenge
as the masses of ***Pu and #*®U cannot be distinguished from each other even in stat-of-the-
art mass spectrometers. Hence, despite chemical separation of the uranium fraction from the
plutonium matrix special provisions have to be applied in order to obtain a meaningful result
for the ?*®U amount content. Either additional methods such as alpha spectrometry for the
determination of the remainder of **®*Pu in the uranium fraction need to be employed or
special measurement conditions such as a combination of carburized TIMS filaments and a
correction via the remainder of #°Pu as proposed in (Sturm, Richter et al. 2016) need to be
applied. These special provisions lead to higher uncertainties for the age dating results of
this chronometer, rendering it less attractive as a chronometer considering the number of
relatively care-free chronometers (**'Pu/®*Am, #®Pu/®*U, *°Pu/®*U and, **°Pu/*°U)

available for the age determination of plutonium.

On the other hand, the low amount content of radiogenic ***U in aged plutonium samples
renders the ***Pu/*®U chronometer extremely sensitive to the presence of non-radiogenic
uranium. Especially as ?**U is not only the major nuclide in NU but is also not scarce in many

other uranium materials from LEU to HEU.

However in these apparent ‘weaknesses’ of the **?Pu/***U nuclide pair as chronometer for
the age determination of plutonium, lies its strength as a very powerful indicator for the
presence of non-radiogenic uranium (Sturm, Richter et al. 2014).
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Although the sensitivity of the ***Pu/***U nuclide pair to contamination with uranium at trace
levels is recognised (Moody 1995; Mayer, Wallenius et al. 2012; Varga, Nicholl et al. 2016),
its results have not been investigated further for additional information on non-radiogenic
uranium contained in the sample. For instance unexpected amounts of **U were dismissed
as traces of NU from chemicals used in the preparation of the samples for measurement
although ‘not comfortably so’ as more #*®U than expected from chemicals had been found
(Moody 1995).

Some interest in the 2*Pu/*®U chronometer has arisen recently (Byerly, Stanley et al. 2016)
which seems to be associated with research that has been published as part of this thesis
(Sturm, Richter et al. 2014). Within this work, the use of the ?*’Pu/?®U nuclide pair as a
powerful indicator for the presence of non-radiogenic uranium in aged plutonium samples
and also as a tool to determine the nature of such a contamination has been clearly
demonstrated (Sturm, Richter et al. 2014).
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Table 1-5: An overview of literature concerning age determination of plutonium. CPC stands for Controlled
potential coulometry, Alpha for alpha spectrometry, Gamma for gamma spectrometry, and WDX for
Wavelength-Dispersive X-ray spectrometry; b indicates analysis of bulk material while p indicates the analysis
of particles

2Bpy2y | 2%puPu | 2°Pu”®®U | *2Pu”®®U | *Pu/”* Am | Method E:lrlt(i/cle Reference
X Alpha/MS |b (Kirby and Sheehan 1984)
X X X X TIMS b (Moody 1995)
X Gamma
X Alpha
ITIMS
X X X X TIMS b (Wallenius and Mayer 2000)
X Gamma
X X TIMS b (Wallenius, Peerani et al.
2000)
X X X SIMS p (Wallenius, Tamborini et al.
2001)
Gamma b (Keegan and Gehrke 2003)
Gamma b (Nguyen 2006)
X X ICP-MS b (Nygren, Ramebéck et al.
2007)
X Gamma b (Wallenius, Lutzenkirchen et
X SIMS p al. 2007)
X X X TIMS b
X Alpha/ b (Varga, Suranyi et al. 2007)
ICP-SFMS
X Alpha/ b (Zhang, Zhu et al. 2008)
TIMS
X WDX/TIMS | p (Shinonaga, Donohue et al.
2009)
X X X X TIMS b (Spencer, Tandon et al. 2009)
X ICP-MS b (Chen, Chang et al. 2009)
X Alpha/ICP-
MS
Alpha/LSC
X Gamma b (Rameback, Nygren et al.
X ICP-MS/ 2012)
Alpha
X Alpha p (Shinonaga, Donohue et al.
ITIMS/ICP- 2012)
MS
X ICP-MS p (Miyamoto, Esaka et al. 2013)
X X X X TIMS b (Sturm, Richter et al. 2014)
X ICP-MS p (Miyamoto, Suzuki et al. 2015)
X X X X TIMS b (Sturm, Richter et al. 2016)
X X X X ICP-MS b (Varga, Nicholl et al. 2016)
X Alpha/ b (Alamelu and Aggarwal 2016)
TIMS
X X X X TIMS/CPC |b (Byerly, Stanley et al. 2016)
X TIMS/
Alpha/
Gamma
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1.5 Certified Reference Materials

In general the aim of any measurement is to compare the result with those of others.
Internationally accepted quality assurance tools aid in establishing confidence in the
comparability and reliability of measurement results. Quality control and quality assurance
systems aim at ensuring a high level of confidence in these results. This is achieved by
implementing reference measurements, the use of certified reference materials (CRMs), and
tools to assess the conformity of measurements such as inter-laboratory comparisons
(Jakopic, Bauwens et al. 2011). In addition, confidence in the integrity and quality of
measurement results and services is of great importance. An increasing number of
laboratories therefore strive to be accredited for ISO/IEC 17025 in order to provide evidence
that they fulfil the general requirements for the competence of testing and calibration
laboratories and in order to enhance the confidence in the integrity and quality of their

measurement results and services (ISO 2005) (Sturm, Richter et al. 2010).

As ‘the value of chemical measurements depends upon the level of confidence that can be
placed in the results’ (CITAC and Eurachem 2002), results obtained by different laboratories
and methods need to be inter-comparable. This is established by linking the result of the
measurement to a primary unit of measurement defined in the International System of Units
(SI). Traceability to primary unit of measurement can be achieved by comparison of known
reference values through the use of CRMs. CRMs are needed to demonstrate that the
measurement performance meets the requirements of the analysis. The validation of
measurement procedures and calibration of instruments also require CRMs (Sturm, Richter
et al. 2010).

CRMs are materials that are sufficiently homogeneous and stable with respect to one or
more specified properties as stated in ISO Guide 30. The accompanying CRM certificate
contains the value of the specified property, its associated uncertainty and a statement of
metrological traceability. For the certification of a material as a CRM, the material needs to
be characterized to be fit for the intended use (ISO 2008). As analytical instrumentation and
measurement techniques evolve towards increased precision the values and uncertainties of
a CRM need to meet state-of-the-art of analytical techniques. Hence, a constant effort to re-
certify existing CRMs in order to issue up-dated certificates and to create new CRMs needs

to be undertaken (Jakopi¢, Sturm et al. 2013).
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One of the providers of CRMs to the international community is the EC-JRC in Geel,
Belgium. The EC-JRC-G.2 not only operates European Union Reference Laboratories in but
also deals with the reliability and accuracy of health diagnostics, food and feed safety and
quality, advanced materials, aviation security, and nuclear safety and security (EC-JRC
2016).

1.5.1 Certified Reference Materials for nuclear applications

As far as nuclear safety and security is concerned, EC-JRC provides an extensive range of
uranium and plutonium CRMs certified for concentrations and isotope ratios. Other major
providers of nuclear CRMs are the US Department of Energy New Brunswick Laboratory
Programme Office (NBL), Argonne, lllinois, USA (Mathew, Essex et al. 2014; NBL 2017),
CETAMA (CEA Committee for the establishment of analysis methods), France (Hanssens,
Viallesoubranne et al. 2008) and V.G. Khlopin Radium Institute (KRI), St Petersburg,
Russian Federation (Stepanov 1990).

Plutonium and uranium CRMs play a vital role in nuclear safeguards for fissile material
control, nuclear forensic investigations and in environmental and geological research. In
order to comply with the quality control requirements analytical instrumentation needs to be
calibrated, methods need to be validated and the reproducibility of measurement results

needs to be assured.

Organisations such as the ESARDA, the INMM and the IAEA provide international platforms
linking reference material producers, safeguards authorities and laboratories such as the
IAEA and the Japan Atomic Energy Agency (JAEA) laboratories. Their aim is to foster the
development of nuclear CRMs by organising technical meetings and workshops (Jakopi€,
Sturm et al. 2013).

As mentioned previously the availability of CRMs that reflect state-of-the-art analytical
performance is of vital importance. This is especially true for nuclear CRMs that are used on
a routine basis in nuclear laboratories involved in safeguards verification measurements and
nuclear material accountancy. Some of these CRMs have, however, been produced and
certified decades ago (IAEA 2010; Jakopic, Bauwens et al. 2011).
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A powerful tool to meet this need are inter-calibration campaigns comparing CRMs on a

metrological
Verbruggen et al. 2010).

basis by applying state-of-the-art measurement procedures (Jakopic,

Traditional nuclear CRMs for bulk analysis of nuclear material in routine safeguards

applications exist in different forms in order to meet the specific requirements for a variety of

applications. They can be grouped as follows:

Elemental composition: nuclear CRMs may contain either uranium, plutonium or

thorium or a defined mix of uranium and plutonium (IRMM 2015). Mixed

plutonium/uranium CRMs for instance are used as IDMS ‘spikes’ for samples from

reprocessing plants and nuclear fuel solutions that contain both uranium and

plutonium (Jakopi¢, Sturm et al. 2013; Jakopi€, Aregbe et al. 2016).

Application: depending on the intended use of the CRM two categories can be

distinguished:

O

So called ‘spike CRMs’ are used for IDMS (De Biévre and Debus 1965; De
Bievre and Peiser 1997). These CRMs are very well characterized for their
isotopic composition as well as amount content. Low uncertainties are of vital
importance for both properties as they are used for the determination of the
amount content of the analyte in the sample. Large uncertainties of a spike
CRM easily become the by far major component in the uncertainty of the
measurement result. Fit-for-purpose uncertainties for IDMS spikes are
especially important for material accountancy in nuclear safeguards
verification measurements in view of the concept of ‘material unaccounted for’
(MUF) where the statistical significance of inspector-operator differences is
assessed (IAEA 2010). These CRMs must be kept under weight control if they
are in the liquid form and intended for repeated use after the initial opening of
the vessel containing the CRM. They are often highly enriched in a nuclide
that is not commonly found in the sample at all or only at trace levels such as
231 (Jakopi¢, Bauwens et al. 2013). The advantage of these CRMs is that a
simplified form of the IDMS calculation can be used and the measurement of
the un-spiked fraction of the sample can be omitted. This is the case for
instance in un-irradiated uranium samples which can be spiked with ?*°U.
However, natural uranium is also routinely used as an IDMS spike in
safeguards laboratories, when the samples in question are known to differ in

their isotopic composition from natural uranium. Double spikes contain two
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spiking isotopes that are not present in typical samples such as **U and #*°U
in a 1:1 ratio with very low abundances of the other uranium nuclides. By
applying these double spikes internal mass fractionation corrections can be
applied for high precision isotope ratio measurements in the sample
(Verbruggen, Alonso et al. 2008).

‘Isotopic CRMs’ or ‘Isotopic Reference Materials’ (IRMs) (Jakopi€, Bauwens et
al. 2013) are primarily certified for the isotopic composition of either uranium,
plutonium or thorium (IRMM 2015). In terms of safeguards verification
measurements the major isotope ratios of ?*U/*®*U and *°Pu/*°Pu are
especially of interest for verification measurements checking the
completeness and correctness of states’ declarations. However, nuclear
material analysis in safeguards is increasingly making use of the information
inherent to the material, such as the minor isotope ratio signatures (ASTM
2016). Contrary to Euratom safeguards measurements, uncertainties are not
calculated for routine measurements of isotope ratios in IAEA safeguards
samples by TIMS although isotopic CRMs are used as Quality Control (QC)
standards and the results of these are checked against the uncertainties
stated on the CRM certificates as well as International Target values (ITVs)
(IAEA 2010). In addition to the use of isotopic CRMs as QC standards for
TIMS and ICP-MS, they also serve as mass fractionation standards for Total
Evaporation (TE) TIMS measurements (Jakopic, Richter et al. 2009; Sturm,
Richter et al. 2014) and Modified Total Evaporation (MTE) TIMS
measurements. For the latter there is an increasing demand for isotopic
CRMs with low uncertainties on the minor isotope ratios of uranium i.e.
24U/28U and #°U/”®U (Richter and Goldberg 2003; Richter, Kiihn et al.
2011). In ICP-MS measurements isotopic CRMs also serve as standards for

mass bias correction (Kappel 2012).

- Physical form and packaging: nuclear CRMs can be distinguished by their physical

appearance (liquid, solid, gaseous):

O

Gaseous/solid UFs CRMs are distributed in Monel (copper-nickel alloy)
ampoules (IRMM 2015) or occasionally P-10 Teflon tubes which are
frequently used for subsampling UFg (Neuhoff 2008). These CRMs are
intended to be used for -calibration for isotope mass spectrometry

measurements.
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O

Isotopic CRMs are often supplied as a solid such as Us;Og for uranium
(Neuhoff 2008), and dried plutonium nitrate (De Biévre 1996) or plutonium
sulphate tetrahydrate for plutonium (Uriano 1982).

Liguid isotopic plutonium and uranium CRMs in nitric acid solutions are also
common (IRMM 2015). IDMS spikes are supplied either in the liquid form or
as a solid as described below. In order to avoid changes in the amount
content of the analyte caused by evaporation of the solvent (such as 1 M nitric
acid), they are distributed in sealed quartz ampoules for uranium (Verbruggen,

Alonso et al. 2008) and in glass vials for plutonium (Emons 2011).

So called Large Dried Spikes (LSDs) are distributed in the form of evaporated
solutions in penicillin vials. In order to ensure its integrity, the entire spike
must be fixed to the bottom of the vial and can be embedded in a layer of an
organic polymer such as Cellulose Acetate Butyrate (CAB) as stabiliser
(Bujak, Delva et al. 2017). This is of importance because such
plutonium/uranium spikes are used in reprocessing plants and at the Euratom
safeguards on-site laboratories for nuclear accountancy and verification
measurements of the uranium and plutonium amount contents in solutions of
spent nuclear fuel. An aliquot of sample is directly weighed into the vial
containing the dried spike and it must be ensured that all of the spiking
material readily dissolves in the sample. The spiking material must be
prevented from relocating to places inside the penicillin vial where it is

inaccessible for dissolution such as the cap (Jakopic, Bauwens et al. 2011).

Ideally, the types of nuclear CRMs described above are produced gravimetrically from very
well characterized high-purity metal and compounds such as purified oxides (Verbruggen,
Alonso et al. 2008; IRMM 2015). The certification process is often linked to round-robin

exercises and inter-calibration with existing CRMs (Jakopi€, Verbruggen et al. 2010).

1.5.2 Certified Reference materials for nuclear age determination

For nuclear forensic and nuclear safeguards investigations of samples of special interest
another specific type of reference material is needed: CRMs for the age determination of
nuclear material of plutonium and uranium are needed for instrument calibration, quality
control, method validation and quality assurance. This is of particular importance during

nuclear forensic investigations as the results need to be scientifically and above all juridically
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sound as they may be contested during the security response or the prosecution process.
(Varga, Venchiarutti et al. 2015).

Recently the CRMs IRMM-1000a and IRMM-1000b for age determination of uranium via the
24U/7°Th chronometer were released by the EC-JRC (Varga, Nicholl et al. 2012; Varga,
Venchiarutti et al. 2015; Venchiarutti, Varga et al. 2016). CRM-125A uranium dioxide-pellets
(Bakhtiar 2013a) and CRM U630 triuranium octoxide (Bakhtiar 2013) are also radio-
chronometry standards for uranium age determination based on the 2*U/?°Th chronometer.
CRM-125A and CRM U630 are certified for 'model purification dates', while IRMM-1000a and
IRMM-1000b are certified for the production date of the material.

However, no CRM currently exists for the age determination of plutonium samples, although
a need for such a CRM has also been expressed by the nuclear safeguards and nuclear
forensics communities. To remedy this, the EC-JRC has set-up in the scope of this thesis a
feasibility study concerning CRMs for plutonium age determination (Sturm, Richter et al.
2010). Although CRMs for age determination of plutonium and uranium could nominally be
described as ‘Isotopic CRMs’ with mixed elemental composition of either plutonium and
uranium for plutonium age determination or of uranium and thorium for uranium age
determination, they differ significantly from the CRMs for bulk analysis of nuclear material in

routine safeguards applications described above:

- Firstly, the ratios of the two elements — in this case parent and daughter isotope —
differ significantly from the ratios found in other ‘Isotopic CRMs’ with mixed elemental
composition. CRM IRMM-10270 for instance has a Pu/U ratio of about 0.03 g/g as a
typical example for an ‘Isotopic CRM' with mixed elemental composition (Jakopi€,
Bauwens et al. 2013). By contrast, a CRM for plutonium age determination would
typically need to have a Pu/U ratio of about 450 g/g representing an approximately
41-year-old aged plutonium sample with an isotopic composition similar to that of
CRM NBS 946 (Uriano 1982). This is due to the fact that only a fraction of the
plutonium nuclides decays to uranium even in a relatively long period such as 41
years (Sturm, Richter et al. 2014).

- Secondly, regular CRMs are certified for the isotope ratios and if applicable for the
amount contents of the element(s) they contain. For instance CRM IRMM-10270 is
certified for the isotopic composition of uranium and plutonium and the respective
masses of uranium and plutonium per unit (Jakopi¢, Bauwens et al. 2013). By
contrast, CRMs for nuclear age determination need to be certified for the ‘separation
date’ such as IRMM-1000a and IRMM-1000b (Varga, Nicholl et al. 2012; Varga,
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Venchiarutti et al. 2015) or ‘model production dates’ such as CRM-125A (Bakhtiar
2013a) and CRM U630 (Bakhtiar 2013). The ‘age’ or the (model) ‘separation date’ are
not directly measurable quantities as they need to be calculated from the ratio of the
mother nuclide and the related daughter nuclide. The nuclide ratio continuously
changes due to the decay of the parent nuclide (**U in case of IRMM-1000a and
IRMM-1000b) and the subsequent increase (and also radiogenic decay) of the
daughter nuclide (>*Th). The more time that elapses between the certification and the
use of the CRM, the higher the measured ratio of parent to daughter nuclide becomes
(Varga, Venchiarutti et al. 2015). Although radiogenic decay also occurs in typical
nuclear CRMs, the changes in relation to the elements and nuclides of interest are
more noticeable in CRMs for age determination due to the extreme ratio of nuclides

(and thus elements of interest).

As mentioned above, there are no currently available CRMs for the age determination of
plutonium (Sturm, Richter et al. 2014). Uranium age dating CRMs CRM-125A (Bakhtiar
2013a) and CRM U630 (Bakhtiar 2013) as well as IRMM-1000a and IRMM-1000b have only
relatively recently been made available (Varga, Venchiarutti et al. 2015). This has meant that
researchers have been forced to rely on other materials to serve as proxies for QC CRMs
certified for their separation date and for the development of age determination methodology.
The Guide to Quality in Analytical Chemistry recommends the use of a material with suitable
properties and stability as a laboratory measurement standard in the absence of a suitable
CRM (CITAC and Eurachem 2002). For plutonium age determination some materials and the
information concerning their ‘age’ used for this purpose by the respective authors for their

research are listed below (Sturm, Richter et al. 2010):

— Isotopic CRMs and information given on their respective certificates: the use and
interpretation of information provided on the certificate of isotopic CRMs differs from
author to author. The issuing date of the certificate when a CRM was first certified for
instance has been used (Shinonaga, Donohue et al. 2009) as the separation date of a
CRM for plutonium age determination while other authors simply refer to a ‘date on
certificate’ (Nguyen 2006). Others make assumptions such as that the purification of
the material used for the CRM production was carried out three months prior to the

assay date given on the certificate (Keegan and Gehrke 2003).

— Historic in-house records: this kind of information on the history of a material used as

a reference for age determination is referred to as ‘old records recovered together
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with the material’ (Wallenius and Mayer 2000), ‘archive purification dates’ (Varga,
Nicholl et al. 2016) or ‘package notes’ (Wallenius 2001). Although the information
might be accurate, it is virtually impossible for the reader or reviewer to verify.

Literature: literature references such as ‘the World Nuclear Industry Handbook,
Nuclear Engineering International, 1998’ are also given by some authors (Wallenius,
Peerani et al. 2000) as well as comparisons to other studies (Varga, Nicholl et al.
2016).

Unpublished results of round robin exercise: the results of a round robin test that had
not yet been published at the time of the publication of the concerned article were

used as the reference age by Wallenius et al. (Wallenius, Peerani et al. 2000).

Personal communication: some authors also rely on ‘personal communication’ which,
similar to ‘historic in-house records’, are very hard for the reader and reviewer to

verify (Wallenius, Peerani et al. 2000; Nygren, Rameback et al. 2007).

Historic information: an example for the use of such an information source is the use
of the time of the detonation in a nuclear weapon test in the area where the material

referred to originated from as the reference age (Nygren, Rameback et al. 2007).

Those reference dates became the most suitable solution available to researchers at the

time that their research was conducted in the absence of a CRM certified for the separation

date (Sturm, Richter et al. 2010). This lack of specific age dating CRMs can lead to the

situation where several reference separation dates are used by different research groups for

the very same material. Different reference ages can be found for the isotopic plutonium
CRM SRM 947 for instance (Wallenius, Peerani et al. 2000; Shinonaga, Donohue et al.

2009). Consequently it is very often impossible for the critical reviewer or reader to confirm

the validity of the claims made about the ‘age’ and the quality of the material used:

Are the assumed separation dates (time zero) correct or at least reasonably

justifiable?

Has the material been tampered with after separation? Is there any possibility that it
has been contaminated with any other material such as natural or other uranium that
would compromise the chronometers in question? How was the material handled in

the facility from where it originated?
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- Has the separation of the material been complete at the assumed ‘time zero’?

The latter is not necessarily so as the complete removal of all traces of daughter nuclides
was in many cases not the prime focus when the material was separated as it may not have

been intended for use as a reference for age determination.

Some of these difficulties can be overcome by thoroughly testing the material using several
of the available chronometers in the case of plutonium age determination via the Pu/U
chronometers (**Pu/?*U, #°Pu/?*°U, *°Pu/**U and 2**Pu/**U), especially when the rarely
employed chronometer *’Pu/?*®U is considered as an indicator for the presence of non-
radiogenic uranium (Sturm, Richter et al. 2014). However, this requires considerable
resources in terms of instrument and operator time. In addition, it is not ideal to have no well
characterized material to be used as a test sample for method development when a
laboratory is just about to enhance its capabilities to include nuclear age determination.
Furthermore it is not always possible to test the material used as age reference for the
validity of the claims made about its assumed age. In cases when there is only one
chronometer available there is no way to intrinsically confirm the age dating result even when
it matches the assumed age. This situation for instance arises when only one chronometer is
available for instrumentation reasons as is the case when plutonium is dated using the
21py/**Am chronometer via gamma spectrometry (Keegan and Gehrke 2003; Nguyen
2006). In the case of uranium age determination, the chronometer 2*U/?*°Th is mostly used
as other possible chronometers are often not readily available due to the nature of the
sample or are not practicable due to technical constraints. There is for instance no suitable
protactinium tracer available for the application of the ?*°U/?*'Pa chronometer and the
234U/2**Bi chronometer can be used exclusively for the age determination of HEU (Varga and
Suranyi 2007).

Three quite different approaches can be envisioned in order to obtain a CRM certified for the
separation date for age determination of nuclear material using one or more predefined

chronometers (Birger, Croatto et al. 2008):

- the certification of an aged material that has been separated for another purpose: a
prerequisite for this approach is that the separation date and the quality of the
separation (separation factor) of the concerned mother nuclide(s) from their
respective daughter nuclides must be well-documented. This strategy is maybe
applicable to the re-certification of an existing isotopic CRM. An advantage of this

method is that the CRM would be certified for an ‘old age’ which might be
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advantageous as in many cases it may mimic the condition of a unknown seized
sample in a nuclear forensic investigation. This strategy was chosen for uranium
chronometry CRMs CRM-125A (Bakhtiar 2013a) and CRM U630 (Bakhtiar 2013)

which are certified for a 'model purification date' of the #*U/?°Th chronometer.

synthetic mixing of purified enriched fractions of parent nuclides and their respective
daughter nuclides in a ratio that would represent a specific ‘age’: the advantage of
this approach would be that CRMs could be tailor-made for any age range and in this
case it would be possible to simultaneously produce several CRMs with a variety of
fictive separation dates. However, it would be very challenging if not impossible to
produce a CRM that represents more than one chronometer and the characterization

of the starting materials would also be a major undertaking.

gquantitative removal of daughter nuclides from the mother nuclide of bulk material
leading to a material with a documented separation date and completeness of
separation: this strategy has been chosen for the preparation and certification of
CRMs IRMM-1000a and IRMM-1000b for age determination of uranium materials via
the #*U/*°Th chronometer (Varga, Nicholl et al. 2012; Varga, Venchiarutti et al.
2015). This method has the clear advantage that the process of the certification can
be thoroughly controlled, closely monitored, and rigorously documented. The material
also possesses all of the properties that could be expected from an unknown sample
of similar chemical composition and age. In this case residual daughter nuclides
present after the purification of the parent nuclides can be taken into account in the
uncertainty of the separation date stated on the CRM certificate if applicable
(Venchiarutti, Varga et al. 2016).

As far as CRMs for plutonium age determination are concerned, the EC-JRC envisages in

the future to produce plutonium CRMs certified for the separation date. This project will utilise

the latter option of quantitative removal of daughter nuclides from the mother nuclide leading

to a material with a documented separation date and completeness of separation (Sturm,

Richter et al. 2010). This plutonium age determination CRM would also be tested in an inter-

laboratory comparison, as was done according to ISO 17043:2010 with IRMM-1000a and

IRMM-1000b in the inter-laboratory comparison REIMEP-22 (Regular European Inter-
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Laboratory Measurement Evaluation Programme) on ‘U Age-dating — determination of the
production date of a uranium certified test sample’ (Varga, Nicholl et al. 2012; Varga,
Venchiarutti et al. 2015; Venchiarutti, Varga et al. 2015). REIMEP-22 established the state-
of-the-practice of the participating laboratories in determining the age of seized uranium
material, a key parameter in nuclear forensics, and its related uncertainty (Venchiarutti,
Varga et al. 2015).

51



1.6 Methodology

1.6.1 Thermal lonization Mass Spectrometry

Thermal lonization Mass Spectrometry (TIMS) provides a means to measure isotope ratios
based on the formation of ions in a vacuum on heated metal ribbons called filaments. The
ions are separated according to their mass-to-charge-ratio in a magnetic sector field (Burger,
Vogl et al. 2015). Figure 1-2 shows one of the Triton (Thermo-Fisher Scientific, Bremen,
Germany) TIMS multi-collector instruments on which the present work was conducted.

Figure 1-3 shows the configuration of this instrument.

Figure 1-2: Triton TIMS installed at EC-JRC-G.2 (Photo reproduced by the courtesy of EC-JRC-G.2).
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1 sample magazine
2 ion source

3 focus quad

4 magnet

5 dispersion quadrupole

6 ion getter pumps

7 virtual amplifier system

8a movable faraday detector system

8b stack with seven CDEM’s (IC 2-8)

9 center cup and RPQ with SEM system

Figure 1-3: Configuration of the Triton TIMS at EC-JRC-G.2 (Jakopic, Richter et al. 2009). (Reproduced by
courtesy of ESARDA, the European Safeguards Research and Development Association).

Only Faraday cup detectors and the double filament technique have been used for the
measurements performed in the current work. Additionally, the Total Evaporation
measurement technique (TE) has been applied as described in the next chapter. Degassed
zone-refined rhenium filaments (Thermo-Fisher Scientific, Bremen, Germany) were used as
both evaporation and ionisation filaments. In double filament TIMS measurements, a small
volume (typically 1 pL) of the purified solution of the analyte is pipetted onto the evaporation
filament and dried. The ionisation filament is placed parallel to the evaporation filament.
During the measurement the analyte atoms are evaporated from the evaporation filament
surface. When the atoms strike the ionisation filament they are ionized and can be separated

according their mass-to-charge-ratio in the magnetic sector (Burger, Vogl et al. 2015).

1.6.1.1 Total Evaporation TIMS measurement

Mass fractionation of the nuclides of the analysed element is a major source of systematic
bias in TIMS as illustrated in Figure 1-4. It can be clearly seen that the lighter nuclides (*°U
in Figure 1-4) are evaporated predominately in the beginning of the measurement while the
heavier nuclides (*®*U in Figure 1-4) are evaporated predominately towards the end of the
measurement when the sample is close to exhaustion (Fiedler 1995). Although mass bias
cannot be completely eliminated by the method of Total Evaporation (TE), it is greatly
minimized by the fact that unique isotope ratios are calculated from the integrated sums of
the measurement signals for each isotope collected during the measurement until such time
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as the sample is exhausted. The robustness of the TE TIMS measurement technique is
highlighted by the fact that mass fractionation effects are for example only in the range of
0.01% for the ?**U/**®U ratio. Hence, TE measurements of uranium and plutonium major
isotope ratios are deemed suitable for IAEA safeguards measurements without applying
mass fractionation corrections (Burger, Balsley et al. 2012). Nevertheless, mass bias
corrections may be applied to isotope ratios obtained by TE TIMS in order to ensure that the
results are traceable to Sl units by linking them to a CRM. This has been done in the present
work (Sturm, Richter et al. 2014).
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Figure 1-4: Mass fractionation of the 2°U/8U isotope ratio during total evaporation data acquisition of
CRM IRMM-074/10, the certified value is shown as a red line (Taylor and Wellum 2006).

The concept of total evaporation was initially known as ‘flash evaporation’ upon its first
mention in 1987 by Romkowski (Romkowski, Franzini et al. 1987; Kuhn 1991; Fiedler 1995):
The Faraday cups of a multi-collector TIMS instrument are set up in such a way that all
isotopes of interest can be detected simultaneously. Isotopes of interest for uranium
measurements are ***U, 2*U, #*U, ?*°U, and #**U, and for plutonium ***Pu, >**Pu, *°Pu, ***Pu,
#2py and ***Pu. The signals of the isotopes of interest of the analysed element are measured
on the multi-collector Faraday cup array until the entire sample is exhausted (‘totally
evaporated’). The summed intensities of all detected isotopes are maintained at a set target
value by regulating the current that is applied to the evaporation filament. This is illustrated in

Figure 1-5.
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Figure 1-5: Total Evaporation data acquisition of a uranium fraction separated from the isotopic
plutonium CRM NBS 946 (Uriano 1982) spiked with 2U spike IRMM-3630.0.4 (Richter, Alonso et al.
2009) showing uranium signals (**U, 2*U, ?°U, ?°U, ?*®U) in V and the evaporation filament current
(EVA) in A.

Mass fractionation effects caused by variations in the evaporation and ionisation of the
sample are thus minimized. However, these effects cannot be completely prevented as a
small amount of analyte is lost during the signal optimization of the TE measurement routine
as described below. Additionally, only a small fraction of the sample is ionized, not all of
which reaches the detectors. The ratio of ions detected to atoms loaded onto the filament
(overall efficiency) is significantly less than 1% for both uranium and plutonium (Burger,
Balsley et al. 2012). The efficiency may also not be constant during the measurement. This
change in efficiency in combination with the (mass fractionation-related) drift of the ratio is
the reason for possible small biases in TE measurements (Richter, Kiihn et al. 2011). TE
also reduces the differences in mass fractionation effects stemming from varying sample
amounts loaded on the filament. Hence, the TE TIMS measurement results are less

dependent on the sample size (Fiedler 1995).

The TE measurement procedure for the measurement of isotope ratios of uranium routinely
applied at EC-JRC-G.2 is described here as an example for the steps involved in this type of
measurement (Sturm, Richter et al. 2016).

The TE measurement can be divided into two parts:
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- Optimization of the analyte ionization and ion detection:

8’Re signal ion source tuning. A current of 4300 mA is initially applied to the ionization
filament. This leads to the formation of rhenium ions from which the filament ribbon is
made. The current on the ionization filament is increased until the **’Re signal measured
on the central Faraday cup exceeds 20 mV. This signal is subsequently used for
checking and adjusting of the mass calibration by so-called ‘peak centering’. Additionally,
the *®'Re signal is used for an automatic routine that optimizes the ion source lenses’
settings. After completion of these steps the ionization filament current is then raised until
the *®Re signal exceeds 120 mV. The ionization filament current is maintained at this
value for remainder of the TE measurement routine for this particular filament including

data collection.

28U signal ion source tuning. In this step, a switch is made from monitoring **'Re at the
centre Faraday cup to the detector array set up for uranium and a current is applied to
the evaporation filament holding the uranium sample. The uranium isotope that is
expected to be the most abundant in the sample is pre-defined to be monitored in this
step of the uranium TE measurement procedure. In many typical uranium samples such
as DU, NU and LEU this is ?8U. This does not apply in some cases such as with samples
of HEU. However, even then the analyst can usually expect a sufficiently abundant #*U

ion signal.

The evaporation filament current is increased subsequently until the 23U signal exceeds
30 mV. lon source focusing and peak centering steps are then performed on this signal
as described above for *®'Re. The objective of ‘peak centering’ is aimed to check and
adjust the mass calibration while ion source focusing optimizes the ion transmission to

the detector array by adjusting the settings of the ion source lenses.

In this step it is important to keep the uranium signals relatively low compared to the total
summed uranium signals collected during data acquisition, otherwise the isotope ratios
measured during data collection can be unduly biased due to the loss of sample that
occurs before the collection of the data starts. As shown in Figure 1-4, mass fractionation
takes place during the data acquisition and the phenomenon of preferred evaporation of
lighter ions compared to heavier ions starts as soon as the evaporation of the sample
from the filament begins. This means that during peak centering and ion source focussing
a greater proportion of lighter isotopes compared to the heavier isotopes is lost before the
data collection actually commences. It should be borne in mind that this loss of

information before data is collected cannot be completely avoided.
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- Data acquisition

For TE data acquisition the current that is applied to the evaporation filament is increased
automatically until the targeted sum of the detected signals of the isotopes of interest is
reached. The current is automatically adjusted in order to maintain the targeted sum of
signals (Figure 1-5). The isotopes of interest for uranium measurements are typically
238y, B4y, 22U, 2y and **U. A typical targeted sum of signals is 4500 mV for a sample
size of approximately 100 ng uranium. When the sample is close to exhaustion, the
increase of the evaporation filament current cannot then compensate for the drop of the
uranium signals and the signals continue to drop despite increased heating. Once the
sum of pre-defined uranium signals fall below a predetermined endpoint such as 30 mV
the data acquisition is stopped. The currents applied to the evaporation and ionization

filament are then switched off.

These steps are essentially the same for plutonium TE. However, in this case the currents
applied to the ionization and evaporation filament may vary in order to accommodate the
evaporation and ionization properties of plutonium. The different requirements for TE of
different elements stem from differences in the first ionization potentials. The first ionization
potential is the energy required to remove a valence electron of an isolated gaseous atom to
form a cation. The first ionization potential for uranium is ~ 6.2 eV and ~ 6.1 eV for plutonium
(Burger, Vogl et al. 2015). The yield of singly charged plutonium ions is reported to be 5-10
times greater than that of singly charged uranium ions (Aggarwal, Saxena et al. 1994). In the
case of plutonium TE measurements, **Pu is usually used as the pilot mass to optimize the
formation and transition of plutonium ions to the detector array. The signals of 2®Pu, *°Pu,
20py, "Pu, **?Pu, and ***Pu are used to control the current applied to the evaporation

filament during data collection.

Figure 1-6 shows a screenshot of the Triton software and illustrates the measurement
method and filament heating procedure for uranium TE measurements used at EC-JRC-G.2,
adjusted for the measurement of uranium fractions purified from plutonium samples as
applied in (Sturm, Richter et al. 2014) and (Sturm, Richter et al. 2016). In contrast to
monitoring the ?**U signal during filament heating, as described above, *°U was used. This
was decided upon due to the fact that only minute amounts of radiogenic **®U are present in
aged plutonium samples. Additionally, the 238 mass (both ?**U and #*®*Pu) was excluded from
sum of the signals (33U, ?**U, ?®*U, and ?*°U) that control the current applied to the

evaporation filament during data collection. This change was made in order to take only the
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evaporation and ionization properties of the uranium analyte into account. Traces of ***Pu
are present in the purified uranium fraction of aged plutonium samples, but **Pu cannot be
distinguished from #*®U in the mass spectrometer. Plutonium also has different evaporation
and ionization properties to uranium. A detailed discussion can be found in (Sturm, Richter et
al. 2016).
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Figure 1-6: Measurement method and filament heating procedure of a Triton mass spectrometer for the
uranium TE measurement routine used at EC-JRC-G.2 adjusted for the measurement of uranium
fractions purified from plutonium samples as applied in (Sturm, Richter et al. 2014) and (Sturm, Richter
et al. 2016).

The calculation of the isotope ratios for TE measurements is shown in Equation 1.6.1.1 for a
measurement of 2*U/**®*U (Richter, Kiihn et al. 2011):

I(ZSSU)
nC*y) _ 210 _ WG -
0y~ TICU) W Equation 1.6.1.1
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n(**U)/n(**V) is the result of the determination of the **U/***U isotope ratio in the sample.
I(*°U) and 1(**®U) are the signal intensities in V for **U and #*®U respectively, which are
recorded during data acquisition. 1(***U) can also be expressed as the sum of the recorded
ratios of the signal intensities of *°U/*U (1(***U) * 1(**®*U)™) weighted by the #**U ion signal
intensities (1(**®U)) (Richter, Kiihn et al. 2011).

1.6.1.2 Filament carburization

Filament carburization is a process used to alter the work function of rhenium filaments by
carbon addition. The work function W represents the thermodynamic work which is needed in
a vacuum for the removal of one electron from the filament surface to a state at rest close to
the filament surface. This is shown in Equation 1.6.1.2. The charge of the electron is
represented by -e, the electrostatic potential in the vacuum close to the surface by @, and E¢
represents the electrochemical potential of electrons inside the material, also called the
‘Fermi level’ (Kittel 2004).

W= —e® — Ef Equation 1.6.1.2

Carbon is believed to change the work function of the filament. When applying heat, a solid-
solid solution of carbon in rhenium is formed as carbon dissolves into the rhenium (Kelley
and Robertson 1985; Kraiem, Richter et al. 2011). There are different possibilities for sources
of carbon such as graphite powder (Shinonaga, Esaka et al. 2008; Shinonaga, Donohue et
al. 2009) and the vapour of organic substances. An advantage of organic gases is that they

are free from NU which might cause contamination of the samples.

In the recent years benzene vapour has often been used for this purpose (Jakopic, Richter et
al. 2009; Jakopic, Richter et al. 2010; Kraiem, Richter et al. 2011; Kraiem, Richter et al.
2011). A mixture of propane and butane gas can also serve as a vaporous carbon source
representing a less toxic alternative to benzene which is a carcinogenic chemical; in fact no

level of benzene exposure can be determined below which there is no health risk (EC 1991).

The process of carburization of rhenium filaments with the vapour of organic substances

involves the following steps (Jakopic, Richter et al. 2009):

The rhenium filaments are installed in a special filament carburization device as shown in
Figure 1-7. The apparatus is subsequently evacuated and once a vacuum pressure

< 1 x 10 mbar is reached a current is applied to the filaments following a heating routine.
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The purpose of this routine is the degassing and cleaning of the filaments. A valve is then
opened to release the carbon containing gas such as propane and butane gas into the
chamber containing the filaments. Subsequently, a current of 4 A is applied to the filaments
resulting in a temperature of about 1600-1700 °C during the carburization process. The
pressure in the carburization chamber is adjusted to 5 x 10 mbar and maintained for 1 hour.
The filaments are allowed to cool for several hours before they can be used.

The use of carburized filaments changes the measurement behaviour of uranium (Kraiem,
Mayer et al. 2010) and plutonium by TIMS by altering chemical processes on the filament
(Kelley and Robertson 1985). The carbon from the solid-solid solution in rhenium forms
carbides with the plutonium or uranium analyte on the filament surface which leads to an
increase in the ionization efficiency (Kelley and Robertson 1985; Kraiem, Richter et al. 2011).
In contrast to the formation of plutonium oxide ions (Kelley and Robertson 1985) and
uranium oxide ions (Kraiem, Richter et al. 2011) during the TIMS measurement when un-
carburized filaments are used, carbides are formed when carburized filaments are used.
Carbides dissociate at higher temperatures to singly-charged ions, while oxides evaporate at
lower temperatures and hence do not get a chance to form uranium or plutonium ions,
respectively. This leads to an increase of the ionization efficiency of the analyte when
carburized filaments are used. Due to this phenomenon filament carburisation has been used
for the measurement of samples with limited sample size such as the measurement of single
uranium particles (Shinonaga, Esaka et al. 2008; Kraiem, Richter et al. 2011) and single
plutonium particles (Shinonaga, Esaka et al. 2008; Shinonaga, Donohue et al. 2009) and
also environmental plutonium samples (pg amounts) (Jakopic, Richter et al. 2009; Jakopic,
Richter et al. 2010).

It has also been reported that singly charged ions of plutonium are formed at higher
temperatures when filament carburization is used compared to un-carburised filaments
(Kelley and Robertson 1985).

The changes of the filament chemistry introduced by the application of carburized rhenium
filaments can also be used to improve the signal behaviour during the measurement of
uranium and plutonium. For example it is possible to reduce the effect of residual plutonium
in a uranium fraction purified from a plutonium sample by the application of filament

carburization (Sturm, Richter et al. 2016).
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Figure 1-7: Carburization device (left) with filament holder (magazine) (right bottom) and the opened
vacuum chamber holding the magazine (right top). (Reproduced by permission of ESARDA, the
European Safeguards Research and Development Association) (Jakopic, Richter et al. 2009).
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1.6.2 Metrology - uncertainty contributions in plutonium age determination

Metrology is the science of measurements and its application involves expressing any
measurement result as measured quantity value with its associated measurement
uncertainty. Metrological traceability links measurement results to metrological references.
This is accomplished through a documented unbroken chain of comparisons. All steps in this
chain of comparisons must be associated with stated measurement uncertainties.
Metrological traceability therefore gives measurement results credibility and transparency.
The Guide to the expression of Uncertainty in Measurement (GUM) and the EURACHEM
guides have found widespread use in the measurement community (JCGM100 2008; Ellison
and Williams 2012).

Chapters 1.6.2.1 to 1.6.2.4 take a detailed look at the uncertainties obtained from dating
CRM NBS 946 by ID TIMS using the Pu/U chronometers ?*°Pu/?®U, 2°Pu/?°U, #8pu/?*U
and ?*?Pu/?*®U. The results have been published by Sturm et al (Sturm, Richter et al. 2014)
but the scope of the latter publication had not allowed such a detailed examination of the
uncertainties. All results discussed refer to the reference date of October 18, 2011 and

uncertainties are expanded uncertainties (k = 2).

Chapters 1.6.2.1 to 1.6.2.3 demonstrate that for the chronometers **Pu/?*U, #*°Pu/***U and
238py/?*Y the major factors contributing to the total combined uncertainties of the age
determination results were the half-lives (IAEA 1986) and the amount contents of the parent
nuclides. The predominant contributor to the uncertainty budgets of the amount contents of
29pu, *°Pu and ?**Pu was the uncertainty of the amount content of ***Pu in the spike used
for Pu IDMS IRMM-049c (De Biévre 1997).

As far as the ?**Pu/?®**U chronometer is concerned, the uncertainty of the amount content of
#2py in the plutonium IDMS spike is still the major contributor to the uncertainty of the
amount content of ***Pu despite the need for a peak tailing correction for the influence of
2Py on the ***Pu signal. This clearly demonstrated the importance of IDMS spike CRMs
with state-of-the-art uncertainties as well as accurately determined half-lives. The latter has
also been strongly emphasised by Pommé et al (Pommé, Jerome et al. 2014; Pommé 2015).
A detailed discussion on half-lives with respect to age determination of plutonium has been
published by Sturm et al (Sturm, Richter et al. 2014). In the latter publication age dating
results were calculated with the half-lives given in Table 1-4 (IAEA 1986; Wellum,

Verbruggen et al. 2009) as well as another source of half-lives (Be, Chiste et al. 2006). The
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half-lives given in Table 1-4 were used as they represent a set of half-lives that is regularly
used by organisations such as the EC in CRM certificates e.g. for CRM IRMM-049d (Emons
2011). As several sources of half-lives are available it is of vital importance to state the
source for the half-lives that were used to calculate age dating results (IAEA 1986; Be,
Chiste et al. 2006; Wellum, Verbruggen et al. 2009; Varga, Nicholl et al. 2016; LNHB 2017).

The age determination result's uncertainty for the 2*Pu/*®U chronometer is largely
dominated by the by the uncertainty of the amount content of *®U as discussed in chapter
1.6.2.4 and (Sturm, Richter et al. 2014).

Isotope Dilution Mass Spectrometry (IDMS) was used for the determination of the amount
contents of the parent and daughter nuclides. To this end TE TIMS measurements were
conducted on the purified uranium and plutonium fraction of each sample. The measured
isotope ratios of uranium and plutonium were corrected for mass fractionation effects
occurring during the respective TE measurements. The resulting amount contents of the
parent and daughter nuclide were subsequently used to calculate the age of the sample
using the above mentioned chronometers. The calculations used to obtain these results and
the propagation of the associated respective uncertainties in order to obtain metrologically

sound results that are traceable to Sl units are discussed below.

Mass fractionation correction

Mass fractionation cannot be completely eliminated by the TE method, so an external
correction for these effects was applied in the present work using the certified and measured
isotope ratios of the gravimetrically prepared isotopic CRM IRMM-074/10 (Taylor and Wellum
2006; Richter, Alonso et al. 2009) for uranium and isotopic CRM IRMM-290A/3 (De Biévre
1996) for plutonium (Sturm, Richter et al. 2014). For this purpose the respective CRM was
measured on each sample magazine to ensure that the CRM for mass fractionation
correction was measured under the same sample loading and instrument conditions as the
samples. In the case of the uranium TE measurements five filaments of IRMM-074/10 were
measured on one magazine while each uranium sample was measured as 4 replicates. For
the plutonium TE measurements six filaments of IRMM-290A/3 were measured per
magazine along with 5 replicates of each plutonium sample. These mass fractionation
standards were placed on the first and the last filament of the measurement sequence and
between the samples. The mass fractionation correction and calculation of the associated
uncertainty was performed on an Excel spread sheet. Although the mass fractionation

correction was not significantly contributing to the total combined uncertainty (mass
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fractionation factor K obtained for the ***U/***U ratio with CRM IRMM-074/10 for example ~
1.00019), the mass fractionation correction was applied to isotope ratios obtained by TE
TIMS in order ensure that the results are traceable to S| units by linking them to a CRM. The
data was then imported into the GUM workbench software (MetrodataGmbH, Weil am Rhein,
Germany) for the calculation of the amount contents of the nuclides using the IDMS
calculation as described below.

The ‘exponential law’ is considered as the most suitable method for accounting for the mass
fractionation in TIMS. Other possibilities include the power law, the linear law, or the
Rayleigh law, although the difference between these approaches for accounting for mass
fractionation is insignificant for elements in the higher mass range such as uranium
(Andreasen and Sharma 2009; Richter, Kuhn et al. 2011). The mass fractionation factor K for
is calculated according to Equation 1.6.2.1 from the certified major isotope ratio in the
standard Rass.uizas-u_std_ceriiea @Nd the measured isotope ratio in the standard Razss.ujss-

u_std_measured SNOWN here for uranium (Richter, Kiihn et al. 2011).

K = R235.U/238-U_std_certified Equation 1.6.2.1

R235-U/238-U73(d7measured

The mass fractionation factor K is subsequently used to correct the measured 2**U/?*U
isotope ratio in the sample as shown in Equation 1.6.2.2. The corrected **U/*®U ratio is
named I:2235—U/238—U_sampIe_corrected’ Wh”e R235—U/238—U_sample_measured stands fOI’ the measured

235U/%8U isotope ratio.

3/3 :
RZ35-U/238-U,samplefcorrected = RZ35-U/238-Ufsample7measured XK Equatlon 1622

Depending on the mass difference of the isotopes forming the ratio that is used for the
calculation the mass fractionation factor K and the mass difference of the isotopes forming
the concerned isotope ratio of the sample, the calculation of the corrected isotope ratio in the
sample differs following the exponential law. Equation 1.6.2.3 illustrates the calculation of the

corrected ***U/*®U ratio, Ryssui23s-u_sample_correctea, from the measured ***U/*°U ratio, Rass uiss.

U_sample_measured-

4/3 H
RZ34-U/238-U,sample7corrected = RZ34-U/238-Ufsample7measured XK Equatlon 1.6.2.3
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Isotope Dilution Mass Spectrometry (IDMS)

Isotope Dilution Mass Spectrometry (IDMS) was used for the determination of the amount
contents of the parent and daughter nuclides. IDMS is based on the isotope ratios in the
sample, in the so-called ‘spike’ and in the mixture of defined masses of sample and spike
material that are metrologically weighed. The isotope ratios and amount content of the
analyte in the spike are known from the CRM certificate. The isotope ratios in the un-spiked
sample and in the sample spike blend are determined by measurement (De Biévre and
Debus 1965; De Bievre and Peiser 1997). Equation 1.6.2.4 gives an example for the

calculation of the amount content of >**Pu by IDMS.

C242-Pu_spike X R239-pu/242-Pu_sample X Mispike X (R239-pu/242-Pu_spike - R239-Pu/242-Pu_blend)

C239-Pu_sample =
Msample X (R239—Pu/242—Pu_blend - R239—Pu/24—2—Pu_sample)

Equation 1.6.2.4

Ca30.pu_sample TEPresents the amount content of **Pu in the sample while Ca.py spike IS the
known (certified) amount content of **Pu in the IDMS spike. Rasgpu242.pu_spike IS the known
(certified) *°Pu/***Pu ratio in the spike, while Rasgpu242.pu_sample @Nd Raso puizaz-pu pena are the
29pu/**?Pu measured in the un-spiked sample and the spike sample blend, respectively. The
metrologically weighed masses of the spike solution and the sample solution are termed
Mspike @ND Mgampie. FOr sample NBS 946, CRM IRMM-049c¢ (De Bievre 1997) and IRMM-3630
(Richter, Alonso et al. 2009) were used as spikes for plutonium IDMS and uranium IDMS,

respectively (Sturm, Richter et al. 2014).

Uncertainty propagation

The software tool used for the calculation of the total combined uncertainties of the age
dating results was the GUM workbench software (Metrodata GmbH, Weil am Rhein,
Germany) (Sturm, Richter et al. 2014; Sturm, Richter et al. 2016). For the age determination

of each sample three GUM workbench files were created:

- U IDMS: This file calculates the amount contents of the uranium nuclides in the
sample using the IDMS equation; mass fractionation corrected uranium isotope ratios
are directly imported into the GUM workbench file from the respective Excel spread

sheet.
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- Pu IDMS: This file calculates the amount contents of the plutonium nuclides in the
sample via IDMS equation; mass fractionation corrected plutonium isotope ratios are
directly imported into the GUM workbench file from the respective Excel spread
sheet.

- Age determination: This file directly imports the results of the uranium and plutonium
IDMS GUM waorkbench files and calculates the age of the sample at a set reference
date.

The final GUM workbench file contains the equations required for calculating the age of a
nuclear sample as discussed in chapter 1.4 in Equations 1.4.1 to 1.4.3 (Stolz 2005).
However these equations were entered in the manner suggested by (Wallenius, Mayer et al.
2006) shown in Equations 1.6.2.5 to 1.6.2.8 for the chronometer #°Pu/?°U, while for
Equations 1.4.1 to 1.4.3 the general connotations P and D were used for the parent nuclide

and daughter nuclide, respectively.

lnﬂ
t=— BK Equation 1.6.2.5
R=—2 Equation 1.6.2.6
T 239y q .0.2.
A239pu .
= Equation 1.6.2.7
B = 235y - A239pu Equation 1.6.2.8

t in Equation 1.6.2.5 is the result of the age determination of the sample; t represents the
time span between the last removal of the daughter nuclide ?**U from the parent nuclide
#%pu and the calculation date of the age of the sample. In Equation 1.6.2.6, *°Pu, and #°U,
represent the amount contents of **Pu and ?*°U at the present time, and hence R stands for
the ratio of ?°U/*°Pu at the present time. The decay constants Az, and A,ssy used in
Equation 1.6.2.7 and Equation 1.6.2.8 can be calculated from the half-lives of ?*°Pu and ?*°U,
respectively, according to Equation 1.4.3. This approach for the calculation of the age of a

nuclear sample takes the decay of the daughter nuclide ?**U into account.
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1.6.2.1 Uncertainty contributions to the age dating result of the **°Pu/?**U
chronometer

The ?*°Pu/?®U chronometer yielded an age of 41.16 +/- 0.11 a for the above-mentioned
reference date of October 18, 2011 for CRM NBS 946 (Sturm, Richter et al. 2014). The
upper part of Figure 1-8 illustrates the major factors that contribute to the uncertainty of the
age dating result. The uncertainty of the age of the sample is largely dominated by the half-
life of >*°Pu of 6563(7) a (IAEA 1986) followed by the amount content of the parent nuclide
240py and the amount content of the daughter nuclide **°U. The half-life of ***U’s contribution
to the uncertainty budget is not displayed as its contribution to the total combined uncertainty
was less than 0.01 %. The #*°U half-life used for the calculation was 2.342(3) x 10" a (IAEA
1986).

The lower left part of Figure 1-8 shows the major factors contributing to the uncertainty of the
amount content of **U. The amount content of ?**U in IRMM-3630 (Richter, Alonso et al.
2009) used as spike for U IDMS comes second to the metrologically weighed mass of the
spike in the IDMS blend. It can be seen that mass of the sample in the IDMS blend as well as
the measured ratios of **U/*°U and of #°U/”*U in the IDMS blend also contribute
significantly to the total combined uncertainty of the amount content of *°U. Other possible
sources of uncertainty such as the ratio of 2°U/?%U in IRMM-3630 and the #**U half-life
(IAEA 1986) taken into account contributed to less than 0.01 % of the total combined
uncertainty. The #*°U half-life was used in this instance for harmonizing the measurement

dates of the amount contents of daughter and parent nuclides.

The lower right part of Figure 1-8 shows the major factors contributing to the uncertainty of
the amount content of **°Pu. The amount content of **’Pu in the spike used for Pu IDMS
IRMM-049c (De Biévre 1997) clearly dominates the uncertainty budget of the amount content
of ?°Pu. The mass of the spike IRMM-049c in the IDMS blend, the measured ***Pu/***Pu
ratio in IDMS blend, the mass of the sample in the IDMS blend and the measured **°Pu/?*°Pu
ratio in the un-spiked sample also contribute to some extend to the total combined
uncertainty of the amount content of *°Pu. Other possible sources of uncertainty such as the
half-lives of the concerned Pu nuclides (IAEA 1986) and the certified *°Pu/***Pu in IRMM-
049c (De Bievre 1997) taken into account contributed to less than 0.01 % of the total

combined uncertainty.
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Uncertainty Contributions to the
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Figure 1-8: Uncertainty contributions to the age dating

result of NBS 946 via the 2°Pu/>®*U chronometer.
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Figure 1-9: Uncertainty contributions to the age dating result of NBS 946 via the %°Pu/**U chronometer.
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1.6.2.2 Uncertainty contributions to the age dating result of the #®°Pu/?°U
chronometer

For the age dating result of the **°Pu/?**U chronometer the major factors contributing to the
total uncertainty are similar to those for the **°Pu/°U chronometer. The **Pu/**U
chronometer yielded an age of 41.12 +/- 0.12 a for the above mentioned reference date of
October 18, 2011 for CRM NBS 946 (Sturm, Richter et al. 2014). The upper part of Figure
1-9 shows that the uncertainty of the age of the sample is again dominated by the half-life of
239py of 2.411(3) x 10* a (IAEA 1986), the amount content of the parent nuclide #°Pu and the
amount content of the daughter nuclide ?**U. The half-life of the daughter nuclide’s
contribution to the uncertainty is again not shown as its contribution to the total combined
uncertainty was less than 0.01 %. The #*°U half-life used for the calculation was 7.037(7) x
10° a (IAEA 1986).

The uncertainty budget of the amount content of ?*°U is dominated by the weight of the spike
IRMM-3630 (Richter, Alonso et al. 2009) in the IDMS blend as shown in the lower left part of
Figure 1-9. The amount content of U in IRMM-3630, the mass of the sample in the IDMS
blend and the measured ration of 23U/?**U in the IDMS blend also contribute significantly to

the uncertainty of the amount content of #°U.

The lower right part of Figure 1-9 shows the major factors contributing to the uncertainty of
the amount content of **°Pu. The situation is very similar to the uncertainty of the amount
content of **°Pu described above. The amount content of *Pu in the spike used for Pu IDMS
IRMM-049c (De Biévre 1997) clearly dominates the uncertainty budget followed by the mass
of the spike IRMM-049c in the IDMS blend, the measured ?**Pu/**?Pu ratio in IDMS blend,
and the mass of the sample in the IDMS blend.

1.6.2.3 Uncertainty contributions to the age dating result of the #®®pPu/?**U
chronometer

For the age dating result of the ?®Pu/?*U chronometer the major factors contributing to the
total uncertainty are similar to those for the ?*°Pu/?®U and #*°Pu/?°U chronometer. The
239pu/?®U chronometer yielded an age of 40.09 +/- 0.29 a for the above mentioned reference
date of October 18, 2011 for CRM NBS 946 (Sturm, Richter et al. 2014). It can be seen in the
upper part of Figure 1-10 that the half-life of the parent nuclide’s contribution to the total
combined uncertainty is even more pronounced than the chronometers discussed above.
The halt-life of ***Pu of 2.411(3) x 10* a (IAEA 1986) accounts for more than 90% of the total
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combined uncertainty of the age dating result of the ***Pu/?**U chronometer. The amount
content of the parent nuclide ***Pu and the amount content of the daughter nuclide **U also
contribute significantly to the uncertainty budget. The contribution of the amount content of

the daughter nuclide 2341 is in this case, however, less than 1 %.

The uncertainty budget of the amount content of **U is dominated by the weight of the spike
IRMM-3630 (Richter, Alonso et al. 2009) in the IDMS blend as shown in the lower left part of
Figure 1-10. The amount content of **U in IRMM-3630, the mass of the sample in the IDMS
blend and the **U/**U and **U/**U ratio measured in the IDMS blend also contribute

significantly to the uncertainty of the amount content of 2*°U.

The lower right part of Figure 1-10 shows the major factors contributing to the uncertainty of
the amount content of *®Pu. The amount content of **?Pu in the spike used for Pu IDMS
IRMM-049c (De Bievre 1997) once again plays a dominant role in the uncertainty budget.

In the case of *®Pu a correction for the peak tailing from mass 239 to mass 238 was applied
to the measurement of the purified plutonium fraction. This correction is reflected in the
uncertainty budget. The measured **®*Pu/?**Pu ratio in the un-spiked sample also contributes
significantly to the uncertainty. Details about the peak-tailing correction can be found in
(Sturm, Richter et al. 2014). This is also the reason for the larger uncertainty of the ***Pu/?*U
chronometer’s age dating result (40.09 +/- 0.29 a) compared to those of the ?*°Pu/?°U (41.16
+/- 0.11 a) and the ***Pu/?*°U chronometers (41.12 +/- 0.12 a). The mass of the sample and
the spike IRMM-049c in the IDMS blend, the measured ***Pu/***Pu ratio in the IDMS blend

also contributed significantly to the uncertainty of the amount content of ?**Pu.
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Figure 1-10: Uncertainty contributions to the age dating result of NBS 946 via the Z?Pu/***U chronometer.

1.6.2.4 Uncertainty contributions to the age dating result of the ?**Pu/?**u
chronometer

The #*2Pu/*®U nuclide ratio can also be used as a chronometer for the age determination of
plutonium. However, it is more useful as an indicator for the presence of non-radiogenic
uranium in the sample. A detailed overview can be found in (Sturm, Richter et al. 2014). For
NBS 946 the ?*?Pu/*®U chronometer yielded an age of 43.4 +/- 4.5 a for the above-
mentioned reference date of October 18, 2011 for CRM NBS 946 (Sturm, Richter et al.
2014).

The upper part of Figure 1-11 illustrates the major factors that contribute to the uncertainty of
the age dating result. The uncertainty is clearly dominated by the amount content of #*®U.
The only other factor that contributes more than 0.01 % to the total combined uncertainty is
the half-life of **?Pu of 3.735(11) x 10° a (IAEA 1986). The uncertainty contribution of the
amount content of ?*?Pu to the age dating result in this case is insignificant. The factors
contributing to the uncertainty of the amount content of ?*’Pu are nonetheless shown in the

lower right corner of Figure 1-11 for the sake of completeness.

The uncertainty budget of the amount content of *®*U is shown in the lower left part of Figure

1-11. The uncertainty is solely dominated by the isotope ratios measured in the sample-spike
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blend for U IDMS, namely the ratios of mass 238 (**®U + #*®*Pu) to **°U and to mass 239

(**Pu) in IDMS blend. Details of the measurement and correction of the amount content of

231 in aged plutonium samples for the age determination of plutonium can be found in
(Sturm, Richter et al. 2014) and (Sturm, Richter et al. 2016).

Uncertainty Contributions to the

242p /238 age dating result
0.30%

® Half-life of Pu-242

= Amount content of
U-238

Amount content of U-238
0.80%
B Measured mass 238 (U-
238 + Pu-238) to U-235
ratio in IDMS blend

I Measured mass 238 (U-
238 + Pu-238) to mass
239 (Pu-239) ratio in
IDMS blend

Amount content of Pu-242

B Measured Pu-242/Pu-239 ratio in the
un-spiked sample

5.00%
1.00%

[ 14.50%
B Amount content of Pu-242 in

IRMMO049c

M Measured Pu-239/Pu-242 ratio in
IDMS blend

Mass of the sample in the IDMS
blend

Mass of the spike in the IDMS blend

Figure 1-11: Uncertainty contributions to the age dating result of NBS 946 via the ?*2Pu/?®U chronometer.

72



1.7 References

Aggarwal, S. K., M. K. Saxena, et al. (1994). "Studies on the evaporation and ionisation
behaviour of uranium and plutonium in thermal ionisation mass spectrometry.” Int. J.
Mass Spectrom. lon Processes 139(0): 111-126.

Alamelu, D. and S. K. Aggarwal (2016). "Determining the age and history of plutonium using
isotope correlations and experimentally determined data on isotopic abundances of
plutonium and 241Am." Journal of Radioanalytical and Nuclear Chemistry 307(1):
277-284.

Alique, O., S. Vaccaro, et al. (2015). The use of measurement uncertainty in_nuclear
materials accountancy and verification. 37th ESARDA Symposium on Safeguards
and Nuclear Non-Proliferation, Manchester (UK), ESARDA and the Joint Research
Centre of the European Commission.

Andreasen, R. and M. Sharma (2009). "Fractionation and mixing in a thermal ionization mass
spectrometer source: Implications and limitations for high-precision Nd isotope
analyses." International Journal of Mass Spectrometry 285(1-2): 49-57.

ASTM (2016). ASTM C1832 - 16 Standard Test Method for Determination of Uranium
Isotopic Composition by the Modified Total Evaporation (MTE) Method Using a
Thermal lonization Mass Spectrometer. Book of Standards ASTM International.
12.01.

Bakhtiar, S. (2013). Certificate of Analysis CRM U630 Uranium (U308) Isotopic and
Radiochronometric Standard. Argonne, lllinois, USA, New Burnswick Laboratory,
U.S. Department of Energy.

Bakhtiar, S. (2013a). Certificate of Analysis CRM 125-A Uranium (UO2) Pellet Assay,
Isotopic, and Radiochronometric Standard. Argonne, lllinois, USA, New Burnswick
Laboratory, U.S. Department of Energy.

Barroso, J. (2012). Speech 'EU Action on Nuclear Safety Nuclear Security'. Nuclear Security
Summit. Seoul, South Korea.

Baumgéartner, F. and D. Ertel (1980). "The modern purex process and its analytical
requirements." Journal of Radioanalytical Chemistry 58(1-2): 11-28.

Be, M., V. Chiste, et al. (2006). "Halve-lives, Table of recommended values." Laboratoire
Natonal Henri Becquerel Note Technique(DETECS/LNHB/2006-58).

Bleise, A., P. R. Danesi, et al. (2003). "Properties, use and health effects of depleted uranium
(DU): a general overview." J. Environ. Radioact. 64(2—3): 93-112.

Bujak, R., L. Delva, et al. (2017). "Long-term stability of cellulose acetate butyrate thin films
for nuclear certified reference materials." Journal of Radioanalytical and Nuclear
Chemistry 311(1): 877-886.

Birger, S., S. D. Balsley, et al. (2012). "Uranium and plutonium analysis of nuclear material
samples by multi-collector thermal ionisation mass spectrometry: Quality control,
measurement uncertainty, and metrological traceability.” International Journal of
Mass Spectrometry 311(0): 40-50.

Burger, S., P. Croatto, et al. (2008). Radiochronometry of nuclear materials. 49th INMM

Annual Meeting, Nashville, Tennessee USA, Institute of Nuclear Materials
Management.

Burger, S., J. Vogl, et al. (2015). CHAPTER 14 Thermal lonisation Mass Spectrometry.
Sector Field Mass Spectrometry for Elemental and Isotopic Analysis, The Royal
Society of Chemistry: 381-438.

Byerly, B. L., F. Stanley, et al. (2016). "Forensic investigation of plutonium metal: a case
study of CRM 126." Journal of Radioanalytical and Nuclear Chemistry: 1-10.

73



Chen, Y., Z.-y. Chang, et al. (2009). "Studies on the age determination of trace plutonium." J.
Radioanal. Nucl. Chem. 281(3): 675-678.

Chisum, W. J. and B. Turvey (2000). "Evidence Dynamics: Locard's Exchange Principle &
Crime Reconstruction." Journal of Behavioral Profiling 1(1).

CITAC and Eurachem (2002). Guide to Quality in_Analytical Chemistry - An_Aid to
Accreditation.

De Biévre, P. (1996). Certificate Isotopic Reference Material IRMM-290b Geel, Belgium,
Institute for Reference Materials and Measurements.

De Bievre, P. (1997). Certificate Spike Isotopic Reference Material IRMM-049¢c Geel,
Belgium, Institute for Reference Materials and Measurements.

De Biévre, P. and H. S. Peiser (1997). "Basic equations and uncertainties in isotope-dilution
mass spectrometry for traceability to S| of values obtained by this primary method."
Fresenius J. Anal. Chem. 359(7): 523-525.

De Biévre, P. J. and G. H. Debus (1965). "Precision mass spectrometric isotope dilution
analysis." Nuclear Instruments and Methods 32(2): 224-228.

De Laeter, J. R., J. K. Boelke, et al. (2003). "Atomic weights of the elements: Review 2000
(IUPAC Technical Report)." Pure Appl. Chem. 75(6): 683-800.

Deron, S., E. Kuhn, et al. (1994). "1993 international target values for uncertainty
components in fissile isotope and element accountancy for the effective safeguarding
of nuclear materials." JNMM (Journal of the Institute of Nuclear Materials
Management);(United States) 22(2).

EC-JRC. (2016). "Analytical laboratories." Retrieved 08.01.2017, 2017, from
https://ec.europa.eul/jrc/en/research-facility/analytical-laboratories.

EC (1991). Recommendation from the Scientific Committee on Occupational Exposure Limits
for benzene. Social Europe, European Commission- Employment, Social Affairs and
Inclusion.

EC. (2014). "20141007 Nuclear Safeguards Brochure." Retrieved 08.01.2017, 2017, from
https://ec.europa.eu/energy/en/content/safeguards-brochure.

Edwards, R. L., H. Cheng, et al. (1997). "Protactinium-231 Dating of Carbonates by Thermal
lonization Mass Spectrometry: Implications for Quaternary Climate Change." Science
276(5313): 782-786.

Ellison, S. L. R. and A. Williams (2012). Eurachem/CITAC guide: Quantifying Uncertainty in
Analytical Measurement, Third edition.

Emons, H. (2011). Certificate Spike Isotopic Reference Material IRMM-049d Geel, Belgium,
Institute for Reference Materials and Measurements.

EURATOM (2012). "CONSOLIDATED VERSION OF THE TREATY ESTABLISHING THE
EUROPEAN ATOMIC ENERGY COMMUNITY (2012/C 327/01)." Official Journal of
the European Union.

Fankhauser, A., R. Jakopic, et al. (2016). A NOVEL CERTIFIED REFERENCE MATERIAL —
243Am. 1st International Conference on Radioanalytical and Nuclear Chemistry
(RANC-2016), Budapest, Hungary.

Faure, G. (1977). Principles of isotope geology.

Fiedler, R. (1995). "Total evaporation measurements: experience with multi-collector
instruments and a thermal ionization quadrupole mass spectrometer.” International
Journal of Mass Spectrometry and lon Processes 146-147(0): 91-97.

Gallup, C. D., R. L. Edwards, et al. (1994). "The Timing of High Sea Levels Over the Past
200,000 Years." Science 263(5148): 796-800.

Garrett, B. C., K. Mayer, et al. (2014). The Nuclear Forensics International Technical
Working Group (ITWG) - An overview._International Conference on Advances in

74



Nuclear Forensics: Countering the Evolving Threat of Nuclear and Other Radioactive
Material out of Requlatory Control. Vienna, Austria, IAEA.

Goldschmidt, B. (1989). URANIUM'S SCIENTIFIC HISTORY 1789 - 1939. Fourteenth
International Symposium, London, UK, Uranium Institute, London, UK.

Goldschmidt, P. (1999). "The IAEA Safeguards System moves into the 21st century."
Supplement to the IAEA Bulletin 41(4): 1-22.

Hahn, O. and F. Strassmann (1939). "Uber den Nachweis und das Verhalten der bei der
Bestrahlung des Urans mittels Neutronen entstehenden Erdalkalimetalle."
Naturwissenschaften 27(1): 11-15.

Hanssens, A., C. Viallesoubranne, et al. (2008). Reference materials and interlaboratory
comparison for actinide analysis. Atalante 2008: Nuclear fuel cycle for a sustainable
future. Montpellier, France, CEA.

Hotchkis, M. A. C., D. Child, et al. (2000). "Measurement of 236U in environmental media."
Nuclear Instruments and Methods in Physics Research Section B: Beam Interactions
with Materials and Atoms 172(1-4): 659-665.

IAEA (1972). INFCIRC/153 The Structure and Content of Agreements Between the Agency
and States Required in Connection with the Treaty on the Non-Proliferation of
Nuclear Weapons, IAEA.

IAEA (1973). INFCIRC/193, IAEA.

IAEA (1986). "Decay data of the Transactinium Nuclides." Technical Reports Series No. 261.

IAEA (1989). STATUTE AS AMENDED UP TO 23 FEBRUARY 1989.

IAEA (1997). INFCIRC 540 Model Protocol Additional to the Agreement(s) Between State(s)
and the International Atomic Energy Agency for the Application of Safeguards, IAEA.

IAEA (2006). IAEA lllicit Trafficking Database (ITDB). Fact Sheet, International Atomic
Energy Agency.

IAEA (2007). "Management of Reprocessed Uranium - Current Status and Future
Prospects." IAEA Technical Documents(IAEA-TECDOC-1529).

IAEA (2009). Nuclear Fuel Cycle Information System, IAEA. IAEA-TECDOC-1613.

IAEA (2010). "International Target Values 2010 for Measurement Uncertainties in
Safeguarding Nuclear Materials." IAEA-STR-368.

IAEA (2013). "Nuclear Security Fundamentals - Objective and Essential Elements of a
State’s Nuclear Security Regime." JAEA Nuclear Security Series 20.

IRMM (2015). NUCLEAR CERTIFIED REFERENCEMATERIALS. IRMM.

ISO (2005). ISO/IEC 17025:2005 General requirements for the competence of testing and
calibration laboratories. Geneva, International Organization for Standardization.

ISO (2008). ISO Guide 30:1992/Amd 1:2008 — Terms and definitions used in connection with
reference materials. Geneva, International Organization for Standardization.

Jakopi¢, R., Y. Aregbe, et al. (2016). "Verification measurements of the IRMM-1027 and the
IAEA large-sized dried (LSD) spikes." Journal of Radioanalytical and Nuclear
Chemistry: 1-11.

Jakopi¢, R., J. Bauwens, et al. (2013). Preparation and Certification of Large-Sized Dried

(LSD) Spike IRMM-10270. JRC Reference Materials. Luxembourg, European
Commission.

Jakopic, R., J. Bauwens, et al. (2011). "Preparation and development of new Pu spike
isotopic reference materials at IRMM." ESARDA BULLETIN(46): 65 - 71.

Jakopic, R., S. Richter, et al. (2010). "Determination of 240Pu/239Pu, 241Pu/239Pu and
242Pu/239Pu isotope ratios in environmental reference materials and samples from
Chernobyl by thermal ionization mass spectrometry (TIMS) and filament
carburization." Journal of Analytical Atomic Spectrometry 25(6): 815-821.

75



Jakopic, R., S. Richter, et al. (2009). "Isotope ratio measurements of pg-size plutonium
samples using TIMS in combination with "multiple ion counting” and filament
carburization." International Journal of Mass Spectrometry 279(2-3): 87-92.

Jakopic, R., S. Richter, et al. (2009). Isotope Ratios Measurements in _Environmental
Samples Using Thermal lonization Mass Spectrometry (TIMS) and Filament
Carburization. 31st ESARDA Annual Meeting Symposium on Safeguards and
Nuclear Material Management, Ispra (ltaly), ESARDA and the Joint Research Centre
of the European Commission.

Jakopi¢, R., M. Sturm, et al. (2013). "Certified reference materials and reference methods for
nuclear safeguards and security." Journal of Environmental Radioactivity 125(0): 17-
22.

Jakopi¢, R., A. Verbruggen, et al. (2010). "An inter-calibration campaign using various
selected Pu spike isotopic reference materials." J. Radioanal. Nucl. Chem. 286(2):
449-454,

JCGM100 (2008). Evaluation of measurement data — Guide to the expression of uncertainty
in measurement JCGM 100:2008 (GUM 1995 with minor corrections) Paris, France,
BIPM Joint Committee for Guides in Metrology.

Kappel, S. (2012). Uranium_and Plutonium Isotopic Fingerprinting of Single Particles by
Laser Ablation - Multi Collector - Inductively Coupled Plasma Mass Spectrometry,
University of Natural Resources and Life Sciences, Vienna.

Keegan, R. P. and R. J. Gehrke (2003). "A method to determine the time since last
purification of weapons grade plutonium.” Appl. Radiat. Isot. 59(2-3): 137-143.

Kelley, J. M. and D. M. Robertson (1985). "Plutonium ion emission from carburized rhenium
mass spectrometer filaments." Analytical Chemistry 57(1): 124-130.

Kirby, H. W. and W. E. Sheehan (1984). "Determination of 238Pu and 241Am in 239Pu by
alpha-spectrometry.” Nucl. Instrum. Methods 223(2-3): 356-359.

Kittel, C. (2004). Introduction to Solid State Physics, Wiley.

Kraiem, M., K. Mayer, et al. (2010). "Experimental investigation of the ionization mechanisms
of uranium in thermal ionization mass spectrometry in the presence of carbon."
International Journal of Mass Spectrometry 289(24€“3): 108-118.

Kraiem, M., S. Richter, et al. (2011). "Investigation of uranium isotopic signatures in real-life
particles from a nuclear facility by thermal ionization mass spectrometry.” Anal.
Chem. 83(8): 3011-3016.

Kraiem, M., S. Richter, et al. (2011). "Development of an improved method to perform single
particle analysis by TIMS for nuclear safeguards.” Analytica Chimica Acta 688(1): 1-7.

Kdhn, H. (1991). Total Flash Evaporation for U and Pu. 12th International Mass
Spectrometry Conference, Amsterdam.

LNHB. (2017, 04.10.2016). "Laboratoire National Henri Becquerel Recommended Data."
Retrieved 15.01.2017, 2017, from
http://www.nucleide.org/DDEP_WG/DDEPdata.htm.

Mathew, K. J., R. M. Essex, et al. (2014). "Uncertainties achievable for uranium isotope-
amount ratios: estimates based on the precision and accuracy of recent
characterization measurements.” Journal of Radioanalytical and Nuclear Chemistry
305(1): 277-282.

Mayer, K., M. Wallenius, et al. (2005). "Nuclear forensics - A methodology providing clues on
the origin of illicitly trafficked nuclear materials." Analyst 130(4): 433-441.

Mayer, K., M. Wallenius, et al. (2012). "Nuclear Forensic Science: Correlating Measurable
Material Parameters to the History of Nuclear Material." Chem. Rev. 113(2): 884-900.

Meitner, L. and O. R. Frisch (1939). "Disintegration of Uranium by Neutrons: a New Type of
Nuclear Reaction." Nature 143: 239-240.

76


http://www.nucleide.org/DDEP_WG/DDEPdata.htm

Miyamoto, Y., F. Esaka, et al. (2013). Precise age determination of a single plutonium
particle using inductively coupled plasma mass spectrometer. Radiochimica Acta.
101: 745.

Miyamoto, Y., D. Suzuki, et al. (2015). "Accurate purification age determination of individual
uranium—plutonium mixed particles." Analytical and Bioanalytical Chemistry 407(23):
7165-7173.

Moody, K. J. (1995). Determination of plutonium metal origins, Lawrence Livermore National
Laboratory. UCRL-ID-120253.

Morss, L. R., N. M. Edelstein, et al. (2006). Uranium. The Chemistry of the Actinide and
Transactinide Elements, Springer Netherlands: 253-698.

NBL. (2017). "Certified Reference Materials (CRMs)." Retrieved 15.01.2017, 2017, from
https://science.energy.gov/nbl/certified-reference-materials/.

Neuhoff, J. (2008). Certificate of Analysis CRM 113-B Uranium Hexafluoride Assay and
Isotopic Standard. Aragonne, lllinois, USA, New Brunswick Laboratory, U.S.
Department of Energy.

Neuhoff, J. (2008). Certificate of Analysis CRM U500 Uranium Isotopic Standard, U.S.
Department of Energy.

Nguyen, C. T. (2006). "Verification of the 239Pu content, isotopic composition and age of
plutonium in Pu-Be neutron sources by gamma-spectrometry.” Nucl. Instrum.
Methods Phys. Res., Sect. B 251(1): 227-236.

Noddack, 1. (1934). "Uber das Element 93." Angewandte Chemie 47(37): 653-655.

NSS (2014). JOINT STATEMENT in the context of the Nuclear Security Summit 2014:
Forensics in Nuclear Security The Hague, the Netherlands, Nuclear Security
Summit.

NSS (2016). Nuclear Security Summit: Certified Reference Material Fact Sheet. Washington,
D.C., USA, Nuclear Security Summit.

Nygren, U., H. Ramebéck, et al. (2007). "Age determination of plutonium using inductively
coupled plasma mass spectrometry." J. Radioanal. Nucl. Chem. 272(1): 45-51.

Pommé, S. (2015). "The uncertainty of the half-life." Metrologia 52(3): S51.

Pommé, S., S. M. Jerome, et al. (2014). "Uncertainty propagation in nuclear forensics."
Applied Radiation and Isotopes 89(0): 58-64.

Rameback, H., U. Nygren, et al. (2012). "Uncertainty assessment in gamma spectrometric
measurements of plutonium isotope ratios and age." Nucl. Instrum. Methods Phys.
Res., Sect. B 287(0): 56-59.

Redermeier, A. (2009). "Fingerprinting of Nuclear Material for Nuclear Forensics." ESARDA
BULLETIN(43): 71-76.

Richter, S., A. Alonso, et al. (2009). "A new series of uranium isotope reference materials for
investigating the linearity of secondary electron multipliers in isotope mass
spectrometry.” International Journal of Mass Spectrometry 281(3): 115-125.

Richter, S. and S. A. Goldberg (2003). "Improved techniques for high accuracy isotope ratio
measurements of nuclear materials using thermal ionization mass spectrometry.”
International Journal of Mass Spectrometry 229(3): 181-197.

Richter, S., H. Kihn, et al. (2011). "Improvements in routine uranium isotope ratio
measurements using the modified total evaporation method for multi-collector thermal
ionization mass spectrometry.” Journal of Analytical Atomic Spectrometry 26(3): 550-
564.

Romkowski, M., S. Franzini, et al. (1987). Mass _spectrometric_analysis of sub-nanocurie
samples of uranium and plutonium. 9th International Symposium on Safeguards and
Nuclear Material Management, London, ESARDA.

77



Seong-whun, C. (2011). Setting the Agenda for the Success of the Nuclear Security Summit
in Seoul. National Strategy, 17. Seongnam, South Korea, Sejong Institute. 17.

Shinonaga, T., D. Donohue, et al. (2012). "Production and Characterization of Plutonium
Dioxide Particles as a Quality Control Material for Safeguards Purposes." Analytical
Chemistry 84(6): 2638-2646.

Shinonaga, T., D. Donohue, et al. (2009). "Age determination of single plutonium particles
after chemical separation." Spectrochimica Acta Part B: Atomic Spectroscopy 64(1):
95-98.

Shinonaga, T., F. Esaka, et al. (2008). "Isotopic analysis of single uranium and plutonium
particles by chemical treatment and mass spectrometry.” Spectrochimica Acta Part B:
Atomic Spectroscopy 63(11): 1324-1328.

Smith, D. K., M. J. Kristo, et al. (2008). "Documentation of a model action plan to deter illicit
nuclear trafficking." J. Radioanal. Nucl. Chem. 276(2): 415-419.

Spencer, K. J., L. Tandon, et al. (2009). "Refinement of Pu parent—daughter isotopic and
concentration analysis for forensic (dating) purposes." Journal of Radioanalytical and
Nuclear Chemistry 282(2): 549-554.

Stanley, F. E. (2012). "A beginner's guide to uranium chronometry in nuclear forensics and
safeguards." Journal of Analytical Atomic Spectrometry 27(11): 1821-1830.

Stepanov, A. V. (1990). Activity of VG Khlopin Radium Institute in the area of analytical
quality control. IAEA-AL--039, International Atomic Energy Agency (IAEA).

Stepanov, S. |. and A. M. Chekmarev (2008). "Concept of spent nuclear fuel reprocessing."
Dokl. Chem. 423(1): 276-278.

Stolz, W. (2005). Radioaktivitat: Grundlagen - Messung - Anwendungen Vieweg+Teubner
Verlag.

Sturm, M., S. Richter, et al. (2010). Feasibility study for the development of plutonium
reference materials for age dating in nuclear forensics. International Symposium on
Safequards: Preparing for Future Verification Challenges. Vienna, Austria, IAEA.

Sturm, M., S. Richter, et al. (2014). "Evaluation of chronometers in plutonium age
determination for nuclear forensics: What if the ‘Pu/U clocks’ do not match?" Journal
of Radioanalytical and Nuclear Chemistry 302(1): 399-411.

Sturm, M., S. Richter, et al. (2016). "Optimized Chemical Separation and Measurement by
TE TIMS Using Carburized Filaments for Uranium Isotope Ratio Measurements
Applied to Plutonium Chronometry." Analytical Chemistry 88(12): 6223-6230.

Taylor, D. M. (2001). Environmental plutonium - creation of the universe to twenty-first
century mankind. Plutonium in the Environment. A. Kudo, Elsevier. Volume 1: 1-14.

Taylor, P. and R. Wellum (2006). Certificate isotopic reference material IRMM-074 Geel,
Belgium, Institute for Reference Materials and Measurements.

Thorstensen, S. and K. Chitumbo (1995). "Safeguards in the European Union: The New
Partnership Approach.” JAEA BULLETIN 1: 25-28.

Uriano, G. A. (1982). National Bureau of Standards Certificate of Analysis Standard
Reference Material 946 Plutonium Isotopic Standard, U.S. Department of Energy.

Varga, Z., A. Nicholl, et al. (2012). "Development and validation of a methodology for
uranium radiochronometry reference material preparation.” Anal. Chim. Acta 718: 25-
31.

Varga, Z., A. Nicholl, et al. (2016). "Plutonium age dating (production date measurement) by
inductively coupled plasma mass spectrometry.” Journal of Radioanalytical and
Nuclear Chemistry 307(3): 1919-1926.

Varga, Z., A. Nicholl, et al. (2016). "Remeasurement of 234U Half-Life." Analytical Chemistry
88(5): 2763-2769.

78



Varga, Z. and G. Suranyi (2007). "Production date determination of uranium-oxide materials
by inductively coupled plasma mass spectrometry.” Analytica Chimica Acta 599(1):
16-23.

Varga, Z., G. Suranyi, et al. (2007). "Determination of plutonium and americium in
environmental samples by inductively coupled plasma sector field mass spectrometry
and alpha spectrometry." Microchem. J. 85(1): 39-45.

Varga, Z., C. Venchiarutti, et al. (2015). "IRMM-1000a and IRMM-1000b uranium reference
materials certified for the production date. Part I: methodology, preparation and target
characteristics.” Journal of Radioanalytical and Nuclear Chemistry: 1-9.

Varga, Z., C. Venchiarutti, et al. (2015). "IRMM-1000a and IRMM-1000b uranium reference
materials certified for the production date. Part |: methodology, preparation and target
characteristics." Journal of Radioanalytical and Nuclear Chemistry 307(2): 1077-
1085.

Venchiarutti, C., Z. Varga, et al. (2015). REIMEP-22 inter-laboratory comparison: “U Age
Dating — determination of the production date of a uranium certified test sample”.
Radiochimica Acta. 103: 825.

Venchiarutti, C., Z. Varga, et al. (2016). "IRMM-1000a and IRMM-1000b: uranium reference
materials certified for the production date based on the 230Th/234U
radiochronometer. Part Il: certification." Journal of Radioanalytical and Nuclear
Chemistry 308(1): 105-111.

Verbruggen, A., A. Alonso, et al. (2008). Preparation and Certification of IRMM-3636, IRMM-
3636a and IRMM-3636b. JRC Scientific _and Technical Reports. Luxembourg,
European Commission.

Wallenius, M. (2001). Origin _determination of reactor produed plutonium by mass
spectrometrc techniques: application to nuclear forensic science and safeguards.
PhD PhD, University of Helsinki.

Wallenius, M., K. Litzenkirchen, et al. (2007). "Nuclear forensic investigations with a focus
on plutonium." J. Alloys Compd. 444-445: 57-62.

Wallenius, M. and K. Mayer (2000). "Age determination of plutonium material in nuclear
forensics by thermal ionisation mass spectrometry.” Fresenius J. Anal. Chem. 366(3):
234-238.

Wallenius, M., K. Mayer, et al. (2006). "Nuclear forensic investigations: Two case studies."
Forensic Sci. Int.(156): 55-62.

Wallenius, M., P. Peerani, et al. (2000). "Origin Determination of Plutonium Material in
Nuclear Forensics." Journal of Radioanalytical and Nuclear Chemistry 246(2): 317-
321.

Wallenius, M., G. Tamborini, et al. (2001). "The "age" of plutonium particles.” Radiochim.
Acta 89(1_2001): 55.

Wallner, A., T. Faestermann, et al. (2015). "Abundance of live 244Pu in deep-sea reservoirs
on Earth points to rarity of actinide nucleosynthesis." Nature Communications 6:
5956.

Walsh, S. J., T. Burr, et al. (2017). "Discussion of the IAEA Error Approach to Producing
Variance Estimates for Use in Material Balance Evaluation and the International
Target Values, and Comparison to Metrological Definitions of Precision." JNMM
Journal of the Institute of Nuclear Materials Management(XLV(2)): 4-14.

Watchman, A. L. and C. R. Twidale (2002). "Relative and 'absolute' dating of land surfaces."
Earth-Science Reviews 58(1-2): 1-49.

Wellum, R., A. Verbruggen, et al. (2009). "A new evaluation of the half-life of 241Pu." J. Anal.
At. Spectrom. 24(6): 801-807.

Weyer, S., A. D. Anbar, et al. (2008). "Natural fractionation of 238U/235U." Geochimica et
Cosmochimica Acta 72(2): 345-359.

79




Wilcken, K. M., T. T. Barrows, et al. (2007). "AMS of natural 236U and 239Pu produced in
uranium ores." Nuclear Instruments and Methods in Physics Research Section B:
Beam Interactions with Materials and Atoms 259(1): 727-732.

Zhang, H.-T., F. R. Zhu, et al. (2008). "Age determination of plutonium material by alpha
spectrometry and thermal ionization mass spectrometry." Radiochim. Acta 96(6): 327-
331.

80



2 Publications

This chapter contains the scientific publications required for fulfilling the aim of this thesis.
First author publications published in peer-reviewed scientific journals are indicated by an

asterisk. Permission for reproduction of the articles was granted by the respective publishers.

*Publication I:

Optimized Chemical Separation and Measurement by TE TIMS Using Carburized
Filaments for Uranium Isotope Ratio Measurements Applied to Plutonium
Chronometry

Sturm M, Richter S, Aregbe Y, Wellum R, Prohaska T
Analytical Chemistry 88 (12), 2016: p. 6223-6230.
(Reproduced by permission of the American Chemical Society)

*Publication |l

Evaluation of chronometers in plutonium age determination for nuclear forensics:
What if the ‘Pu/U clocks’ do not match?

Sturm M, Richter S, Aregbe Y, Wellum R, Mialle S, Mayer K, Prohaska T
Journal of Radioanalytical and Nuclear Chemistry 2014. p. 1-13.
(Reproduced by permission of Akadémiai Kiado Zrt.)

Publication Il

Certified reference materials and reference methods for nuclear safeguards and
security

Jakopic R, Sturm M, Kraiem M, Richter S, Aregbe Y
Journal of Environmental Radioactivity, 2013. 125:p. 17-22.
(Reproduced by permission of Elsevier Limited)

Publication IV

Preparation and Development of New Pu Spike Isotopic Reference Materials at IRMM

Jakopic R, Bauwens J, Richter S, Sturm M, Verbruggen A, Wellum R, Eykens R, Kehoe F,
Kuehn H, Aregbe Y.

ESARDA Bulletin December 2011 (46); 2011. p. 65-71. JRC65089

(Reproduced by permission of ESARDA, the European Safeguards Research and
Development Association)

81



Publication V

Destructive Analysis: Effective Analytical Support to Nuclear Safeguards and Non-
Proliferation

Sturm M
ESARDA BULLETIN, 2010(45). p. 56-65.

(Reproduced by permission of ESARDA, the European Safeguards Research and
Development Association)

Publication VI

Age determination of plutonium for nuclear forensics

Sturm M, Richter S, Aregbe Y, Wellum R, Altzitzoglou T, Jobbagy V, Mialle S, Mayer K,
Prohaska T

In Conference Proceedings: 35th ESARDA Symposium proceedings, Bruges, 27-30 May,
ISBN: 978-92-79-32730-8, Institute for Transuranium Elements; 2013. p. 572-577.
JRC83924

(Reproduced by permission of ESARDA, the European Safeguards Research and
Development Association)

Publication VII

Feasibility Study for the Development of Plutonium Reference Materials for Age Dating
in Nuclear Forensics.

Sturm M, Richter S, Aregbe Y, Wellum R, Altzitzoglou T, Verbruggen A, Mayer K, Prohaska
T

In Conference Proceedings: Proceedings of Symposium on International Safeguards:
Preparing for Future Verification Challenges. Vienna (Austria): IAEA; 2010. p. 1-8. JRC60800

(Reproduced by permission of IAEA confirmed by Stephen Pullinger, Communication
Adviser, Office of Deputy Director General, Department of Safeguards, International Atomic
Energy Agency)

Publication VIII:

Isotope Ratios Measurements in Environmental Samples Using Thermal lonization
Mass Spectrometry (TIMS) and Filament Carburization

Jakopic R, Richter S, Sturm M, Kuehn H, Aregbe Y

In Conference Proceedings: Proceedings of the 31st ESARDA Annual Meeting Symposium
on Safeguards and Nuclear Material Management, ISBN: 978-92-79-13054-0, LB-NA24038-
EN-Z. Ispra (Italy): ESARDA and the Joint Research Centre of the European Commission;
2009. p. Session 6 - 019 (1-5). JRC52196

(Reproduced by permission of ESARDA, the European Safeguards Research and
Development Association)

82



2.1 Publication |

Reprinted with permission from Optimized Chemical Separation and Measurement by TE
TIMS Using Carburized Filaments for Uranium Isotope Ratio Measurements Applied to
Plutonium Chronometry. Sturm M, Richter S, Aregbe Y, Wellum R, Prohaska T. Analytical
Chemistry, 2016, Article ASAP, DOI: 10.1021/acs.analchem.5b03852. Copyright (2016)
American Chemical Society.

analygi'%?llﬁstry

pubs.acs.orglfac

Optimized Chemical Separation and Measurement by TE TIMS Using
Carburized Filaments for Uranium Isotope Ratio Measurements
Applied to Plutonium Chronometry

Monika Sturm,*" Stephan Richter,' Yetunde Aregbe,i Roger Wellum,” and Thomas Prohaska’

"Department of Chemistry, VIRIS Laboratory, University of Natural Resources and Life Sciences (BOKU), Vienna,

Konrad-Lorenz-Strasse 24, A-3430 Tulln, Austria

:E'Eurnpea_n Commission, Joint Research Centre, Institute for Reference Materials and Measurements, Retieseweg 111, B-2440 Geel,

Belgium

ABSTRACT: An optimized method is described for U/Pu
separation and subsequent measurement of the amount
contents of uranium isotopes by total evaporation (TE)
TIMS with a double filament setup combined with filament
carburization for age determination of plutonium samples. The
use of carburized filaments improved the signal behavior for
total evaporation TIMS measurements of uranium. Elevated
uranium jon formation by passive heating during rhenium
signal optimization at the start of the total evaporation
measurement  procedure was found to be a result from
byproducts of the separation procedure deposited on the
filament. This was avoided using carburized filaments. Hence,
loss of sample before the actual TE data acquisition was
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prevented, and automated measurement sequences could be accomplished. Furthermore, separation of residual plutonium in the
separated uranium fraction was achieved directly on the filament by use of the carburized filaments. Although the analytical
approach was originally tailored to achieve reliable results only for the **Pu/**'U, **Pu/**U, and **Pu/™*U chronometers, the
optimization of the procedure additionally allowed the use of the **Pu/™*U isatope amount ratio as 2 highly sensitive indicator
for residual uranium present in the sample, which is not of radiogenic origin. The sample preparation method described in this
article has been successfully applied for the age determination of CRM NBS 947 and other sulfate and oxide plutonium samples.

uclear forensic age determination aims to discover the

history of seized nuclear material. The emphasis of such
an investigation is to identify the latest legal owner and the
production place of the material. Information about the
production process and the intended use of the seized material
is gained from the analysis of the chemical composition and the
physical appearance of the sample. The “age” of the material
helps to limit the number of potential facilities of origin of the
material to those that were operational at the time of the
production or processing of the material' The “age” of a
nuclear material is defined as the time span elapsed since the
last chemical separation of mother nuclides from their
respective daughter nuclides during enrichment or reprocess-
ing. Several chronometers (i.e., parent/daughter nuclide pairs)
are used for the determination of the age of plutonium:
2l gy 24y 29y /234, B9Py 2350, and #0Pu/ U The age
can be calculated via the appropriate decay equations by using
the measured nuclide ratios. The resulting “model age”,
however, only coincides with the true age in case the initial
removal of the daughter nuclides was complete and the sample
has been a closed system.” This is not always the case for seized
nuclear material. In addition to the above-mentioned nuclide
pairs, the *2Pu/**U ratio can be employed as a useful tool for
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monitoring the presence of nonradiogenic uranium in the
plutonium sample. ‘Bulk samples of plutonium are mostly dated
via the 'Pu/*'Am chronometer using gamma spectrome-
try™* ™ or alpha spectrometry combined with either thermal
ionization mass spectrometry (TIMS) or with inductively
coupled Flasma mass spectrometry (ICP-MS).*~"* TIMS™ and
ICP-MS'™>"* have become the methods of choice for dating
plutonium via the plutonium/uranium chronometers. Alpha
spectrometry has been used as a complementary method to
TIMS, as well >*

This article s part of work that has been carried out by the
EC-JRC-IRMM (Institute of Reference Materials and Measure-
ments, Geel, Belgium) and ECJRC-ITU (Institute for
Transuranium Elements, Karlsruhe, Germany) for the prepara-
tion of plutonium and uranium reference materials certified for
separation dates."'® The focus of the presented study was the
sample preparation of the uranium fraction for plutonium age
determination by total evaporation (TE) TIMS.'” The
measurement of uranium isotope amount contents from the
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decay of plutonium is hampered by the low concentration of
the uranium isotopes. Since 2Py /8 s used as powerful
indicator for nonradiogenic uranium in a plutonium sample, a
special aim of this work was to optimize the procedure in a way
that the >**U amount content could be determined by isotope
dilution mass spectrometry (IDMS)'* along with the amount
contents of the other uranium nuclides with reasonable
accuracy. As a consequence, finding an answer to dealing
with the isobaric interference of ***Pu when measuring **U
isotope is of vital importance. Several studies on the
characterization of mixed uranium—plutonium oxides (MOX)
and of unseparated safeguards samples containing plutonium
and uranium emphasize the topicality of the measurement of
B8Py in the presence of **U and vice versa by mass
spectrometry,'#'"7** These articles deal with materials that
contain 3 to 300 times more uranium than p]uttmium,”'m‘12
materials that have a 1:1 ratio of plutonium and uranium,
and with materials that contain up to 5 to 10 times'”** more
plutonium than uranium. U/Pu ratios between 1:10 and 100:1
for direct safeguards measurements of 2BU/ABU - and
M0pyu/ Py in unseparated samples have also been inves-
tigated.l“l As far as the age determination of plutonium is
concerned, NBS 946 contains, for example, about 450 times
more plutonium than uranium (g-g™') since only a small
fraction of plutonium has decayed to uranium in the 41 years
elapsed since the last purification of the plutonium from its
uranium daughter nuclides.” The plutonium content of such a
sample can be reduced to a ratio of about 0.02 Pu/U (g-g™") in
the purified uranium fraction by chemical purification of the
uranium fraction applying the optimized separation procedure
described in the Materials and Methods section of this article.
Double rhenium filament assemblies were used in most of the
studies using TIMS for isotope amount ratio measurements of
uranium and plutonium, respectivelzr, including 5Py in the
presence of 2**U and vice versa."'”~** In order to separate the
interfering uranium and plutonium signals, interfering element
correction (IEC),"*'%*° peak ﬁtting,” and the continuous
heating method®*** were applied.

Filament carburization has been used for enhancing the
ionization efficiency for single uranium>*® and plutonium
particlesgs'l? as well as for environmental plutonium samples
(pg amounts)***” as it influences the measurement behavior of
uranium™ and plutonium by changing chemical processes on
the filament.*' Furthermore, a shift of the formation of single
charged ions to higher temperatures was also reported for
plutonium.“ Graphite powder)‘s’r and benzene vnporlb’)‘s‘lg‘n
were used as a carbon source in these studies. The increase in
the ionization efficiency is attributed to the fact that carbon,
uranium, and plutonium form carbides, which dissociate at
higher temperatures to single charged ions as opposed to the
formation of oxide ions of plutonium®' and uranium™ without
carburization. Carbon is believed to change the work function
of the filament by forming a solid—solid solution in rhenium.
Carbon dissolves on the filament surface upon heating and
forms carbides with the analyte.”"** Contrary to previous
publications by others,”> ™’ the enhancement of the ionization
effciency was not the major purpose for the use of filament
carburization in this study. The puropse of applying carburized
zone-refined rhenium filaments was to improve the signal
behavior during the uranium TE measurement of the uranium
fraction pruified from a plutonium sample. This arrangement
aided also the removal of residual plutonium during filament
heating prior to data acquisition. To our knowledge, this work
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describes for the first time the application of routine TE
measurements in combination with filament carburization to
remove the residual plutonium and to delay the ionization of
uranium. The method presented in this study was successfully
applied for age determination of other plutonium sulfate and
oxide samples published elsewhere.

B MATERIAL AND METHODS

Analytical Strategy. The results for the nuclide amount
ratios SPu/**U, *Pu/PU, 24”[’1.1/1‘7’6U, and ***Pu/**U for
plutonium age determination are obtained in two independent
isotope dilution experiments measured by TE TIMS: one
determining the amount contents of the plutonium nuclides
and the other determining the amount contents of the uranium
nuclides.” Prior to these measurements the plutonium and
uranium fractions are purified by chemical separation steps
from the plutonium sample, whereby the inevitable remainder
of plutonium including ***Pu in the separated uranium fraction
is of major concern. The purification and measurements
determining the plutonium nuclides’ amount contents via
IDMS is described elsewhere in detail’ as this publication
focuses on the determination of the uranium nuclides’ amount
contents of aged plutonium samples.

Samples, Chemicals, and Reference Materials. The
plutonium sulfate isotopic certified reference materials (CRM)
NBS 946 (NBL CRM 136; National Bureau of Standards,
Washington, DC, U.S.A.)* and NBS 947 (NBL CRM 137;
National Bureau of Standards)™ were used for method
development. The materials were dissolved in concentrated
HNO, (69% (g/(100)g), p.a; Merck, Darmstadt, Germany)
and sample solutions with a plutonium content of about 0.002
gg”! in 5 molL™" HNO, were prepared. Dilutions of
concentrated HNO; in purified reagent grade I water (Milli-
Q Water Purification System (18M€); Millipore, Billerica, MA,
U.S.A.) were used for all diluted HNOj; solutions.

The amount contents of both plutonium and uranium
nuclides were determined by IDMS. The sample aliquots for
plutonium IDMS were purified using anion-exchange columns
(Bio-Rad AG1-X4, 100—200 mesh; Bio-Rad Laboratories Ltd.,
Hercules, CA, U.S.A.), and the 2py certified reference material
IRMM-049d (Institute for Reference Materials and Measure-
ments, Geel, Belgium)"'s was used as IDMS spike."‘"‘f’ The
following chemicals and resins were used for the preparation of
the sample aliquots for uranium IDMS: Anion-exchange
columns (Bio-Rad AG1-X4, 100—200 mesh; Bio-Rad Labo-
ratories Ltd., Hercules, CA, U.S.A.) and extraction chromato-
graphic UTEVA columns (UTEVA; Eichrom Technologies,
Lisle, IL, U.S.A.) were used for the chemical purification of the
uranium fraction. FeCl, (p.a; Merck, Darmstadt, Germany),
NH,0OH.HCI (p.a.; Merck, Darmstadt, Germany), and NaNO,
(p-a; Merck, Darmstadt, Germany) were used for valence
adjustment of plutonium, and H,0, (30% p.a; Merck,
Darmstadt, Germany) was used to remove traces of organic
compounds. The CRM IRMM-074/10%" was used for the
calibration of the mass spectrometer for mass fractionation
during uranium measurements. IRMM 3630 served as the **U
spike for uranium IDMS. "

Instrumentation. All measurements were accomplished
applying the TE method for TIMS using the double filament
technique on a Triton (Thermo Fisher Scientific, Bremen,
Germany) TIMS multicollector instrument.'” Degassed zone-
refined rhenium filaments (Thermo Fisher Scientific, Bremen,
Germany) were used as ionization as well as evaporation
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filaments. All ion currents were measured on Faraday cups.
About 100 ng of uranium were loaded per evaporation filament.
The carburization of the filaments was accomplished as
described elsewhere.”® A propane/butane gas mixture served
as carbon source instead of benzene.™

Chemical Purification of the Uranium Fraction. The
procedure developed for the purification of the uranium
fraction from aged plutonium materials is based on the
separation procedure to separate uranium from plutonium
routinely applied at _]RC}IRMM.‘“J This is depicted as
separation procedure A in Figure 1. Procedure A consists of
a plutonium valence adjustment to Pu(IV) called “Redox 1” and
a separation on anion-exchange columns. These steps are
repeated twice. Further optimizations (procedures B—E) were
based on separation procedure A. All chemical separations were
carried out in glove boxes. The use of hydrochloric acid was
avoided because of its corrosive properties. UTEVA columns
(Eichrom Technologies LLC, Lisle, IL, U.S.A.) were used in
separation procedures B—E (Figure 1B—E). The term “Redox
1I” in Figure 1 (procedures C—E) refers to the reduction of
Pu(VI) to Pu(Ill), which was expected to give better U—Pu
separation results on UTEVA columns compared to Redox I
An additional step for the destruction of organic compounds in
the final uranium fraction was introduced in separation
procedure D and E. The individual steps such as valence
adjustment and column separations used in separation
procedure A—E are described in the following paragraphs.

Pu Valence Adjustment “Redox I”. The valence adjustment
of plutonium to Pu (IV) is referred to as Redox I hereafter: The
sample solution is evaporated to dryness after dissolution of
plutonium sulfate and dissolved in 200 pL of nitric acid (¢ = 2
mol-L™"). Subsequently, 50 gL of iron(II) chloride solution (c
= 1.25 mol-L™") is added to the dried sample solution in order
to reduce the plutonium to Pu(III). Subsequently, 100 uL of
hydroxyl ammonium chloride solution (¢ = 1 mol-L™") is
added. The addition of 100 uL sodium nitrite solution (¢ = 1
mol-L™") aids the oxidation of Pu(III) to Pu(IV). Finally, 430
uL of concentrated nitric acid is added to obtain Pu(IV) in a
solution made up of nitric acid (¢ = 8 mol L™").

Separation on Anion-Exchange Column. The sample
solution is loaded on anion-exchange columns (Bio-Rad
AG1-X4) conditioned with nitric acid (¢ = 8 mol L™"), and
the uranium fraction is eluted with nitric acid (¢ = 8 mol L™").
The resulting purified uranium fraction is subsequently
evaporated to dryness. The above-described steps are repeated
at least once more for separation procedure A (Figure 1A).

Pu Valence Adjustment “Redox II". The sample solution is
evaporated to dryness prior to the reduction of Pu(VI) to
Pu(11I) and subsequently taken up in 200 uL of nitric acid (c =
2 mol L7'). Next, 50 uL of iron(II) chloride solution (¢ = 1.25
mol L") is added in order to reduce Pu(VI) to Pu(IIl). Then
190 uL of concentrated nitric acid is added after mixing and a
waiting period of 5 min to achieve 8 molar nitric acid (¢ = 8
mol L") in the sample solution for separation procedures B—
D. The final sample solution was adjusted to 5 molar nitric acid
(c =5 mol L") for separation procedure E. Pu(III) is expected
to behave like Am(I11), which does not bind to UTEVA during
the separation while Pu(IV) is bound to the UTEVA resin and
could thus be eluted along with U(VI)."

Separation on UTEVA Columns. UTEVA was specifically
developed for the separation of uranium, plutonium, and
americium. The extractant in the UTEVA Resin, diamyl,
amylphosphonate, forms nitrato complexes with actinide
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elements.”” Plutonium and americium are washed from the
column with 10 mL of nitric acid (¢ = 8 mol L") for separation
procedures B—D, and the uranium fraction is eluted from the
column with 16 mL of nitric acid (¢ = 0.02 mol L™'). The
resulting purified uranium fraction is subsequently evaporated
to dryness. Ten milliliters of nitric acid (¢ = § mol L™') and 4
mL of nitric acid (¢ 1 mol L") containing 0.1 M
NH,0H.HCI are used for the elution of plutonium and
americium of separation procedure E to ensure that plutonium
remains in its reduced form (Pu(III)) and could thus be eluted
more efficiently from the UTEVA column.

Destruction of Organic Compounds. The uranium fraction
collected from the second separation column is evaporated to
dryness on a hot plate. Subsequently, 1 mL of concentrated
nitric acid and 0.5 mL of H,O, are added in separation
procedures D and E. The solution is evaporated once again to
dryness after a reaction time of >15 min. This is repeated three
times. This procedure destroys possible organic compounds
bleeding from the column, minimizing the visibly raised
deposits of the dried sample solution on the filaments.

Preparation of the Filament Loading Solution. Finally, the
dried purified uranium residue is taken up by nitric acid (¢ = 1
mol L™"). The target uranium amount content for the filament
loading solution was 50 ng/uL. Two microliters (2 X 1 uL) was
directly pipetted on each evaporation filament without further
dilution steps in order to reduce the starting amount of the
sample. The absence of further dilution steps increases
undesired compounds such as iron and organic compounds
in the filament loading solution compared to the uranium
routine analysis at EC-JRC-IRMM.

Optimized Separation Procedure. As a result, procedure E
was considered the optimum uranium separation procedure for
the aged plutonium samples (Figure 1E). It consists of two
separation steps: First, one separation step on an anion-
exchange columns (Bio-Rad AG1-X4) combined with “Redox
I” is carried out. This step is followed by valence adjustment
“Redox I1” to adjust the valence of plutonium to Pu(IIl) and
subsequent purification of the uranium fraction on an UTEVA
column. In order to avoid possible oxidation of Pu(III) during
the UTEVA separation by the high concentration of nitric acid
(c = 8 mol L), as used in separation procedures B—D, the 8
molar nitric acid (¢ = 8 mol L™") was replaced by 5 molar nitric
acid (¢ = 5 mol L™"). Furthermore, an additional elution step
wih nitric acid (¢ = 1 mol L™") plus 0.1 M NH,0H-HCI was
introduced to ensure that plutonium remains in its reduced
form (Pu(III)). Organic compounds in the purified uranium
solution are destroyed as much as possible with H,0, as
described above.

Data Reduction. The separation factor for removal of
plutonium in the purified uranium fraction was calculated as
follows according to eq 1.">*

(1

Ryjpy o is the U/Pu ratio in the initial sample solution before
purification, and Ryy;p, is the U/Pu ratio after the separation in
the purified fraction. In order to quantify the amount content of
plutonium in the uranium fraction after purification of NBS 946
for the calculation of Ry;,p,, a metrologically weighed amount of
unspiked sample solution was purified according to procedure
E. The purified uranium fraction was directly eluted from the
UTEVA column into a vial containing a weighed amount of the
*2py IDMS spike. The resulting blend was subsequently
measured using the Pu TE method. The amount content of

SU,’Pu = RU/‘PU/RU,‘ Pu_0
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3Py was determined by IDMS. The isotope ratios measured in
an unspiked purified plutonium fraction were used for
calculating the amount contents of all other plutonium nuclides
in the purified uranium fraction, The amount content of
uranium in the uranium fraction after the separation procedure
E for calculating Ry;;p, was measured by purifying once again an
unspiked metrological weighed aliquot of the sample solution
by separation procedure E. This purified uranium fraction was
blended with a weighed amount of the YU IDMS spike as
described above for plutonium and subsequently measured with
the U TE method. This amount content of uranium in the
uranium fraction after purification was used for the calculation
of the uranium recovery of the separation procedure as well as
for calculating the separation factor for the removal of
plutonium. Ryjp, in eq 1 was calculated from the amount
contents of plutonium and uranium in the purified uranium
fraction described above. Ry p, o was calculated from results of
the regular IDMS experiments for plutonium and uranium that
were used for calculating the age dating results.

Uncertainty Calculation. The calculation of combined
standard uncertainties of all results was performed using the
software GUM workbench 2,4 (Metrodata GmbH, Weil am
Rhein, Germany).

M RESULTS AND DISCUSSION

Optimization of the Chemical Separation, The recovery
of the uranium purification procedure routinely applied at EC-
JRC-IRMM (procedure A) turned out to be insufficient to
provide uranium signals suitable for TE measurements of the
spiked uranium fraction obtained from aged plutonium
samples. Procedure A had been designed for starting amounts
of 10 to 60 mg uranium. Several dilution steps are foreseen
after the separation to achieve the required uranium mass
concentration of 100 ng/uL of which 1 uL is loaded onto the
evaporation filament. The investigated plutonium sample NBS
946 contains, for example, about 450 times more plutonium
than uranium, since only a small fraction of the plutonium
decays to uranium. Attempts were made to reduce the amount
of the initial plutonium sample needed for plutonium age
determination, because the available amounts of plutonium
samples for nuclear forensic age determination are usually
limited. Consequently, it was necessary to optimize the
chemical uranium separation procedure for the purpose of
plutonium age determination. Hence, a sample solution of NBS
946 containing not more than about 5 mg Pu (~10 mg
plutonium sulfate tetrahydrate) should suffice to be separated
to obtain 0.2 mL of the purified uranium fraction with an
uranium mass concentration of 50 ng/uL taking into account a
spiking ratio of 1:10 for BU/2BYU and an overall recovery of
the separation procedure of >90%. The dried purified uranium
fraction had thus to be taken up in a rather small volume of
nitric acid (¢ = 1 mol L™'; 0.2 mL) without any further dilution
steps serving directly as filament loading solution. Several
purification procedures based on separation procedure A using
UTEVA columns in addition to anion-exchange columns were
tested (Figure 1). The result for both procedures B and C was
that enough uranium was recovered from the sample to obtain
reasonable uranium signals in uranium TE TIMS measure-
ments. The measures taken to reduce the starting amount of
the sample lead, however, also to undesired consequences;
visible deposits on the loaded evaporation filaments were
observed. Possible sources for these deposits are organic
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Figure 1. Schematics for separation procedures A to E tested for
purification of the uranium fraction from aged plutonium samples for
plutonium age determination.

compounds bleeding from the columns and elements such as
iron used for plutonium valence adjustment.

As the U TE measurement of the uranium fraction obtained
by procedure B appeared to contain less plutonium as
compared to procedure C, this was further optimized in
procedures D and E. An additional step of H,O, treatment was
introduced in separation procedure D and E in order to destroy
possible organic compounds bleeding from the column,
minimizing the visible raised deposits of the dried sample
solution to a rust-colored spot on the filament. The rust color
of the remaining visible spot can be attributed to iron
introduced during the valence adjustment of plutonium
(Redox 1 and Redox II). This was an important advancement
because these raised deposits on the evaporation filament,
which appeared after loading and drying the purified uranium
solution, reduced the distance between the evaporation
filament and the ionization filament in an inconsistent manner
and also posed the risk of losing part of the sample during
filament handling such as mounting the filaments on the turret.
The consequences of this observation for the U TE
measurement are described in the next paragraph. Measure-
ments showed further reduced plutonium signals during the
uranium TE data acquisition for separation procedure E
compared to procedure D (Figure 3). Procedure E was
therefore considered the best choice for separating uranium
from aged plutonium samples for dating, see (Figure 1E).

Optimization of the U TE Measurement. The visible
deposits on the loaded evaporation filaments observed for
separation procedure B and C lead to a problem at the start of
the TE measurement routine. This was caused by an elevated
uranium ion formation by passive heating during rhenium
signal optimization. Although these visible deposits on the

DOI: 10.1021/acs.analchem.5b03852
Anal. Chem. 2016, 88, 6223-6230



Analytical Chemistry

loaded filaments were considerably reduced using separation
procedure D and E, this could not be resolved completely by
the optimization of the chemical separation.

The normal TE measurement routine foresees the
optimization of the uranium ion signals prior to the TE data
acquisition, The first step of this routine involves heating the
ionization filament with a current of about 4300 mA in order to
achieve an "Re signal (»20 mV) that can be used for peak
centering and focusing to ensure optimal ionization filament
conditions. Subsequently, the '*'Re signal is raised above 120
mV, As soon as this signal threshold for the "Re signal is
exceeded, the evaporation filament is heated and a defined
uranium ion signal (usually the most abundant uranium
isotope) is monitored. As soon as 30 mV for this uranium
signal or pilot mass are exceeded, focusing and peak centering
steps are initiated for the uranium signal. Once these steps are
completed, the TE data acquisition is started. During the data
acquisition, the evaporation filament heating current is
continuously increased striving to achieve a set target value
(such as 4500 mV) for the sum of a number of predefined
uranium signals (usually *¥U, 2'U, U, 24U, and ***U) which
leads to the typical flat platcaus of the TE signals. The
evaporation filament current continues to increase until the
sample is exhausted (totally evaporated) and the signals drop
despite the increased heating current on the evaporation
filament. The uranium signals are kept reasonably low (just
above 30 mV for the most abundant uranium isotope) during
the uranium signal optimization prior to the TE data
acquisition in order to minimize possible biases of the TE
results due the mass fractionation (i.e., a loss of lighter uranium
ions prior to the data acquisition). The *U signal is routinely
monitored as the pilot mass in this filament heating procedure
as it is (in general) the most abundant isotope. 23U was chosen
for the measurement of the uranium fraction of aged plutonium
samples because the concentration of radiogenic **U is very
low in aged plutonium samples that are not mixed with
nonradiogenic uranium.

During the yranium signal optimization, it was observed that
before the active heating of the evaporation filament had
started, the U signal exceeded the 30 mV threshold already
due to passive heating by the ionization filament during the
optimization steps involving the '¥'Re signal. Hence, the further
actions of focusing and peak center of the uranium signal were
not triggered by the instrument software. The **U signal
therefore had to be reduced manually below 30 mV by stepwise
lowering of the current on the ionization filament (see Figure 2
showing a measurement of a Wy spiked fraction of NBS 947).
Apart from m:l.[('lng automated measurement sequences Gf
several filaments pairs impossible, this leads to an unpredictable
additional loss of sample ionization and thus additionally biased
TE results due to mass fractionation before the start of the TE
data acquisition. Introducing major changes in the filament
heating protocol to circumvent this issue was not considered
practicable in order to prevent the loss of an unknown amount
of uranium prior to starting the TE measurement. The reason
for this premature uranium ionization has not been investigated
in detail, but organic and inorganic components that remained
in the sample solution or that were introduced during sample
preparation are most probably mainly responsible for this
complex unusual behavior of uranium signals during TIMS TE
measurements. Oxygen contained in these undesired compo-
nents might have cansed the formation of UO,, which would be
responsible for the loss of uranium at lower filament
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Figure 2. Measurement signals during the filament heating procedure
and TE data acquisition for measurement of the uranium fraction of
NBS 947 spiked with IRMM-3630.0.4 purified by separation
procedure B using noncarburized ionization and evaporation filaments,
Magnified view: heating procedure prior to the start of the TE data
acquisition; peak-centering and focusing of the U signals are indicated
by oval and square shapes, respectively; each manual decrease of the
current heating the ionization filament byl00 mA is indicated by
aTows.

temperatures. The fact that filament carburization turned out
to be a remedy for this issue as described in the next section
supports this theory, Figure 2 shows in addition to the uranium
ion signals the presence of a *’Pu peak at the end of the
uranium TE measurement. The signal at mass 239 was
recorded but excluded from the sum of uranium signals that
determines the start, the heating profile, and end of the TE data
acquisition. The **Pu signal measured at mass 239 was used for
the correction of the signal of “*U for **Pu remaining in the
uranium fraction after purification. Although all plutonium
nuclides are present in the residual plutonium remaining in the
purified uranium fraction, only Py s reported in Figures2—S,
despite that both ***Pu and **U+™*Pu signals were recorded.
This is due to the scaling of the figure, becanse **Pu represents
more than 85% (g-g™) and 75% (g-g™) of the plutonium
nuclides in NBS 946 and NBS 947, respectively, while the 3y
+3¥py signal is much lower compared to the 2¥py signal and
the other uranium nuclides’ signals (sec also uranium nuclide
amount contents in Table 2).

Experimental Optimization of Filament Carburization.
Filament carburization was found to be not only a suitable
solution to avoid additional loss of uranium prior to the TE
data acquisition and to enable automated uranium TE
measurements. It also shifted the plutonium peak that can be
observed in Figure 2 at the end of the uranium TE acquisition
to the start of the TE measurement (Figure 3). (Filament
carburization was applied for all experiments depicted from
Figure 3 onward unless indicated otherwise.) The effects of
carburization of the ionization filament, the evaporation
filament, or of both filaments were tested with a fraction of
the loading solution originating from uranium separation
procedure B of the sample NBS 946 spiked with *PU.
Separation procedure B was used for this purpose as procedure
A did not yield enough uranium for the TE measurement and
separation procedures C to E were developed in parallel. The
result of this experiment can be viewed in Figure 5 as far as the
signal behavior during wranium TE data acquisition is
concerned. Figure 6 depicts the *U/*U ratios in the
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Figure 3. TE measurement signals of the uranium fraction of sample
NBS 947 spiked with [RMM-3630.0.4 using carburized ionization
filaments purified by separation procedure D and E.

Heating procedure TE data acquisition

(]
- E 239py ) 2551\17
=t
= 234
Zh
_'l_,é)': /) 236 \
= | /
=
.
:
b oo L et :
- * Time (s)™ - -

Figure 4. Filament heating procedure and TE data acquisition of the
uranium fraction of sample NBS 946 spiked with IRMM-3630,0.4
purified by separation procedure B using a carburized ionization
filament.

above-mentioned sample solution showing the influence of
filament carburization on the loss of lighter isotopes relative to
heavier isotopes. We did not observe any significant differences
in the signal behavior whether the ionization filament, the
evaporation filament, or both filaments are carburized. Finally,
only the ionization filament was carburized. The reason was
that this setup has the advantage that the sample solution does
not need to be loaded on brittle carburized filaments
minimizing the loss of filaments due to operator errors.
Filament carburization also leads to a shift of the Pu signal from
the end of the uranium TE data acquisition to the start of the
evaporation during the optimization signal procedure prior to
the TE data acquisition. Hence, only a part of a second smaller
Bpy peak overlaps with the uranium TE data collection and
thus disturbs the measurement of **®U when filament
carburization is used (Figure 4). Table 1 shows the *®*U/**U
ratios measured in a purified uranium fraction of NBS 946
spiked with 23 before and after correction for ***Pu using
different combinations of carburized and uncarburized
filaments. A corrected value for the *¥U/™U ratio using no
carburization is not shown because the formation of the
remaining plutonium jons seems more variable between
filaments. This is evident from the much larger uncertainty of
the *¥U/™*U ratio compared to using carburized filaments.
Result of the Optimized Sample Preparation and
Measurement Strategy. The uranium recovery of separation
procedure E was 99.64 + 0.09%. A separation factor Sy, of
20981 + 43 (k = 2) for the removal of plutonium in the
purified uranium fraction was achieved for NBS 946 applying
separation procedure E (see eq 1). This means after the
purification of the uranium fraction the Pu/U ratio was reduced
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Figure 5. Measurement signals and evaporation filament current of the
uranium fraction of NBS 946 spiked with IRMM-3630.0.4 purified by
separation procedure B using different combinations of carburized and
noncarburized filaments.

from about 445 + 66 to 0.020 & 0.0031 (g-g™", k = 2). The
8Dy /255U ratio (g-g ', k = 2) was reduced from 4000 + 420 to
0.19 + 0.02. Hence, although the total plutonium amount
content was reduced to about 2% of the total uranium amount
content in the purified uranium fraction, the amount content of
remaining **Pu still equaled about 20% of the amount content
of U in the same uranium fraction. The portion of this
remaining ¥8py acquired during the uranium TE data
acquisition depends on when the major platonium peak
appears relative to the uranium signals in the uranium TE
data acquisition stage (compare Figure 2 and Figure 3), Hence,
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Figure 6, 27U/ U ratios (k = 1) of the uranium fraction of NBS 946
spiked with 1IRMM-3630.0.4 purified by separation procedure B using
different combinations of carburized and noncarburized filaments.

the portion of measured “**Pu ions during the uranium TE data
acquisition is reduced when filament carburization is applied.
Consequently, one would expect a reduction of the apparent
U amount content after correction for **Pu by less than 20%
when filament carburization is applied, because a considerable
fraction of *Pu is evaporated before the start of the uranium
TE data acquisition. However, an observed difference of about
20% between the corrected and the uncorrected ***U amount
content (Table 1) remains although filament carburization was

Table 1. *U/?3%U Ratios in a Purified Uranium Fraction of
NBS 946 Spiked with IRMM-3630.0.4 Using Different
Combinations of Carburized and Non-Carburized
Filaments”

2!:<U/255U
carburized
filament(s) measured corrected for 2Py
none 1.03 X 107* £ 3.00 X 107 -
both 855X 107+ £ 240X 107 600 107290 x 107°
ionization 822x 1075+ 680 % 107% 605 % 107 £ 680 x 107%

evaporation 728X 1071 £ 210 % 107 603 % 1071 £240x 107°
“Ratios as measured as well as ratios corrected for *"Pu are shown.

The uncertainties are expanded uncertainties (k = 2).

applied. This can be explined by the differences in the
ionization yields of uranium and plutonium: during a
simultaneous measurement of uranium and plutonium, the
yield of Pu” ions is 5—10 times greater than that of U” ions.””
Therefore, more Pu’ ions are formed compared to U ions,
although other authors observed a certain quenching effect on
the Pu” ion formation when uranium and plutonium are
measured simultaneously,”!

Correction of 2®U Amount Content for ***Pu, The
contribution of residual 2**Pu to the signal at mass 238 (*u
and 2**Pu) in the uranium IDMS$ experiment was calculated by
applying the ratio Ryyg130 1, obtained from the plutonium
IDMS experiment to the signal measured at mass 239 (**¥Pu)
in the uranium TE measurement according to eq 2. Ryze39 (v 18
the ratio of the measured signal at mass 238 (U + "**Pu) to
2¥py and Casay 1y 18 the uncorrected amount content of 28,
Both Ryygae y and 6aeu ¢ are obtained from the IDMS
experiment with the purified uranium fraction.

The U amount content cyy, is calculated.

=1

/239 U
(@)

The *Pu/**U “chronometer” gives a significantly older age
dating result compared to the age dating result of the

— £ — *
Casu = CZ?\BU_U (RISS_,‘IEQ_U RZJS_QPW_J-‘\\) R 3
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2020 chronometer when this correction is omitted
leading to the false conclusion that the sample contains
uranium of nonradiogenic origin. As laid out in detail in a
previous publication, the **Pu/**U nuclide pair is a sensitive
indicator for nonradiogenic uranium in aged plutonium
samples.” The amount contents of 21U and U as well as
the age dating results using **Pu/**U and **Pu/>U
chronometers are shown in Table 2.

Table 2. Age Dating Results of the Pu/U Chronometers and
Amount Content of >**U with and without Correction for
%Py on the Amount Content of 2>*U for sample NBS 9477

age dating results

Bpy U 4085 £ 03 a

PPy U 4091 + 0122
HOpy /26y 4091 + 0.12 2
Hapy et 448 + 48a
/U sS40+ 43a
amount content
e 7.0724 X 107" + 4.8 x 107" mol/g
Ens 7.6023 X 1077 £ 4.5 x 107" mol/g
2360 67407 > 1077 + 4.1 x 107 mol/g
sy’ 836 % 107 £ 900 x 107 mol/g
Gz’ 10,11 % 107" & 800 X 107" mol/g

ar

T'he uncertainties are expanded uncertainties (k = 2); reference date:
18.102011. Pwith correction of the **U amount content for *Pu.
“without correction of the U amount content for *¥Pu,

Age Dating Results and Uncertainties. The major
contributor to the uncertainties of amount contents of U,
53U, and U were introduced by the measured isotope ratios
and the amount content of ***U in the uranium IDMS spike.
The measured isotope ratios in the uranium IDMS blend and
the correction for residual Z*Pu were the major contributors to
the uncertainty of the amount content of ***U. The amount
content of 2**U was also the major contributor (>99%) to the
total combined uncertainty of the result for the 2Py 28U
“chronometer”, whereas the halflives*” and the amount
contents of the plutonium nuclides were the major contributors
to the results of the *¥®Pu/>™U, **pPu/>»U, and *Pu/*¥U
chronometers. The major uncertainty contributions to the
amount content of ***Pu came from the ***Pu spike for
plutonium IDMS and the correction for peak tailing from ***Pu,

The halflives” and uncertainty of the *?Pu spike for
plutonium IDMS were the major contributors to the amount
contents of “’Pu, **'Pu, and ***Pu. The uncertainties of the
plutonium nuclides’ amount contents for plutonium age
determination have been discussed elsewhere? in detail.

B CONCLUSIONS

The combination of an optimized chemical separation
procedure and the use of carburized filaments enabled the
determination of **U by TE TIMS in aged plutonium samples.
Reliable measurement results within fit-for-purposes uncertain-
ties were proven using NBS 947, representing a 41-year-old
plutonium sample. Although the analytical approach was
originally tailored for the three “common” chronometers
(R Pu/lMU, 2wPu/'m“U, and 2j'ol’u/”EU) for plutonium dating,
the optimization of the procedure additionally allowed the use
of the **Pu/**U nuclide amount ratio as a sensitive indicator
of residual nonradiogenic uranium, which can easily be found in

DO 10.1021/acs.analchem. 5b03852
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seized plutonium materials. The accuracy of the determination
of U is fit for this purpose since the H2py /38 isotope
amount ratio is not used as “chronometer” in the commonly
used sense.’ The goal of automated routine TE TIMS
measurements was achieved. The use of filament carburization
for separating plutonium and uranium signals on one filament
should be investigated further for future other applications such
as “*U and *"Pu measurement in MOX samples with
incomplete chemical separation.
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Abstract This article discusses the age dating results of
plutonivm/uranivm chronometers with a focus on the
consequences for age plutonium determination when the
basic assumptions of the methodology are not fully met:
Incomplete removal of the daughter nuclides at the pro-
duction date and uranium contamination of plutonium
samples, In addition to the 238py 234, PP and
24“Pu/m(‘U, the 2*?Pu/>**U chronometer is discussed. The
#2py/ 2T radiochronometer has only scarcely been used,
due to its high sensitivity to residual uranium. However, it
can be a very useful indicator for uranium contamination of
aged plutonium samples.
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Database (ITDB) [1]. These incidents gave rise to the
development of the discipline of nuclear forensic science
[2]. In such cases nuclear forensic investigations are
applied in addition to traditional forensics. Traditional
forensics focuses on evidence such as traces (fingerprints,
fibres and other residues) left behind by the culprit in order
to identify linkages between (suspect) individuals and
events {crimes). In contrast to that, nuclear forensics aims
at re-establishing the history of the seized material and
provides hints on the possible origin of the material. To this
end, the isotopic and elemental composition (major ele-
ments and impurities) of the material in combination with
macroscopic (such as dimensions) and microscopic (such
as particle size and shape} morphological aspects are
investigated [2-8]. These findings help in determining the
production process and/or the purpose the material was
intended for by comparing it against open source infor-
mation or information accessible in specific databases [9].
Another key parameter helping to discover the latest legal
owner and production place of seized nuclear material is
the ‘age’ of that material [9]. Tn this context, the ‘age’ of
nuclear material is defined as the time elapsed between the
production of the material and the measurement date.

The date of the last chemical separation of the ‘daugh-
ter’ nuclides (decay products) from the ‘mother’ nuclides is
considered the production date of a nuclear material such
as plutonium. This means thal plutonium decay products
including 24'Am, 234U, 235U, 2361 and **U are removed
from their respective ‘mother nuclides’ 241 Pu, ZSSPU, 239Pu,
240py and ***Pu.

Such manipulations that separate the daughter nuclides
from their respective mother nuclides—and thus set the
‘clock’ to zero—occur for instance during reprocessing [10].
The following isotopic systems are commonly used as radio-
chronometers or— clocks’—for the age determination of
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plutonium: 2py 2 am, PpuMU, PPu®U and
240py 230U [11).

Radiochronometry, however, relies on a few basic
assumptions: (i)} the daughter nuclides should be com-
pletely removed (rom their respective parent nuclides at
time zero (r = (), (ii} the material shall be considered as
closed system (i.e. no parent or daughter nuclide shall be
added or removed during the time interval under consid-
eration), and (iii) parent and daughter nuclides shall be in
radioactive disequilibrium [12].

The determination of the age is based on the equations
describing the radioactive decay, as shown in Egs. (1) 1o
¢3) for the chronometer 2*°Pu/***U [13]. The amount of the
mother nuclide ***Pu at the time of the measurement
{present time) is represented by 2*°Pu, The amount of
23%py at the time of the separation {f = 0} is 39y, 230, is
the amount of **U at the present time. >**U, represents the
amount of ***U directly after the separation at 1 = (.
According to the basic assumption of complete removal of
the danghter nuclides, Uy is assumed to be zero for the
purpose of age determination. The decay constants Ap, and
Ap of mother and daughter nuclides can be calculated from
their half-lives ¢, according to Eq. (3).

239 239 —i_P
Fpy, ="PPuy x e ust (U

235 3 _J . ] vl
U, =g x e iy x (Au — Apa) T X Pug

% (e—t._l’uxr _ e—}._U\'r) (2)
A=k xIn2 (3)

The **'Pu”*' Am clock is the most commenly used chro-
nometer for plutonium age determination. The preferred
methods for dating with this clock in bulk samples are
gamma spectrometry [5, 11, 14-16] and combinations of
alpha spectrometry either with thermal ionisation mass
spectrometry (TIMS) or with inductively coupled plasma
mass spectrometry (ICP-MS) [16-20]. Since this article
focuses on the plutonium/uranium clocks for plutonium
age delermination, the age dating results of the
Mpy2Am clock for the investigated samples will be
published elsewhere.

In case of dating plutonivm via the plutoniuny/uranivm
clocks, the chronometers 2'j'st“ulzz‘lU, 29py2BY  and
29py U are usually considered. This work also takes the
2#2py U clock into account. The age daling results of
this clock have only scarcely been used. The ***Pu/™*U
clock is usually not considered because of the long half-life
of the mother nuclide ***Pu, the resulting low amount of
the daughter nuclide 2**U and its sensitivity to uranium
contamination at trace level [9]. The present article
investigales how the age dating results of the ***Puw/***U
clock can systematically not only be used lo detect con-
lamination of plutonium samples with uranium but alse
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how to identify the nature of the contamination (such as
natural or enriched uranium).

Concerning  the  plutonium/uranium  clocks, the
Z0Pu/>17 is considered to be the most reliable clock for
the age determination of plutonium. The reasons for this
choice will be explained in detail in the following chapters
of this publication. The measurement techniques used for
dating bulk plutonium samples via the plutonium/uranium
clocks are TIMS [5, 11] and ICP-MS [20, 21]. Occasion-
ally the Z2*Pu*U clock and the **Pu*U clock are
looked at in addition (o the **'Pw*U clock [5, 11]. For
most age delermination measurements ol plutonjum parti-
cles secondary ion mass spectrometry (SIMS) is applied,
preferably on the H0py B8y clock |5, 22).

Considering more than one clock for the age determi-
nation of plutonium is recommended because this under-
pins the reliability of the result and enables additional
information about the material to be gained, while using
only one clock might lead to erroneous conclusions.
Inconsistent age dating results of the different clocks may
indicate that the sample consists of a mixture of two or
more different materials of different ages [5]. In case of
incomplete removal of the decay products from the parent
nuclides at time zero a similar effect can occur. Any
addition of daughter isotopes during the time between the
initial separation and the age dating measurement may also
lead to inconsistent results from the different clocks, The
possibility of a contamination of a plutonium sample—[or
instance in the facility where it was manipulated—with
natural or non-natural uranium should be kept in mind too.
The latter two scenarios—incomplete separation at time
zero as well as a contamination with uranium—will result
in characteristic relative patterns of the plutonium/uranium
clocks and can thus not only help to interpret inconsistent
age dating results in a more concise way but may also give
additional information on the history of the sample. Unless
indicated otherwise the half-life values given in Table 1
were used for all calculations in this work.

Experimental

Table 2 lists the isotopic composition of the plutonium
samples that are discussed in this article. One of them is the
widely distributed reference material NBS 946 (NBL CRM
136; National Bureau of Standards, Washington, DC, USA}
[23]. This material has been certified for its isotopic
composition and is well described in literature including
publications dealing with age determination [11].

All the samples discussed in this article are PuQ, sam-
ples except for the plutonium sulphate sample NBS 946.
The oxide samples were dissolved in a 1:1,000 mixture of
HF (40 % (wt%]); ultrapure; J.T. Baker, Center Valley, PA,
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Table 1 The half-lives of plutonium mother nuclides and their respective daughter nuclides used for age dating of plutonium

Clock Halt-lite mother (a} Reference Halt-lite daughter (a) Reference
g
B8pyAMu 87.7(3) [24] 2.457(3) x 10° [24]
FpyAFY 2411(3) x 10* [24] 7.037(7) x 10° [24]
H0py 20y 6563(T) [24] 2.342(3) x 107 241
puHAm 14.325(24) [25] 4327(3) [24]
2Cpu ARy 3.735(11) % 10° [24] 4.468(5) x 107 [24]
(5)

The uncertainties are kept as originally published: standard uncertainties are displayed for Ref. [24]; the expanded uncertainty (k = 2) is used for

Ref. [25]

Table 2 Isotopic composition

" X Sample ID Fe (wiw) Grade

of the plutonium samples as - — -

determined by TIMS; the grades 25py 9py 240py Mipy 242py

of plutonium are according to

Ref. [10]: the uncerinties are  NBS 946 0.0876(2)  R6.1055(10)  125112010)  06036(1)  0.5921¢2) Fucl

expande-d uneertaintes (X = 2); ACH-104-1 0.7217¢4) 76.4222(27) 19.0213(26) 1.6720¢6) 2.1628(11) Reuctor

reference date: 18.10.2011 ACH-104-2  00571(3)  849913(23)  142870(23)  03042(2)  03604(3)  Fuel
ACH-104-3 1.0312(3) 65.8144(36) 26.6770(36) 2.0656(8) 4.4117(23) Reactar

Table 3 Concentrations of the uranium nuclides in a sample solution
with about 0.002 g plutonium per gram solution of sample NBS 946
determined by ID TIMS:; the uncertainties are expanded uncertainties
(k = 2): reference date: 18.10.2011

Nuclide Concentration Uncertainty Relative
{mal/g) {mol/g) uncertainty (%)

=y 59575 % 107° 4.5 % 10712 0.075

¥y 8.3959 x 10°° 5.6 % 10712 0.067

oy 44745 x 10°° 31 x 10" 0069

Ry 3.89 x 107 400 x 1073 10

USA) in concentrated HNO; (69 % (wt%). p.a.; Merck,
Darmstadt, Germany)}. The plutonium sulphate sample was
dissolved in concentrated HNO; (69 % (wt%); p.a.; Merck,
Darmstadt, Germany).

In order to achieve desired molaritics of HNO3 men-
tioned hereafter concentrated HNO; (69 % (wit%). p.a.;
Merck, Darmstadt, Germany} was diluted with deionized
water (Milli-Q Water Purification System (18 MQ), Mil-
lipore, Billerica, MA, USA). Sample solutions were pre-
pared with a final plutonium content between 0.002 and
0.01 g/g in HNQO; (¢ = 5 mol/L).

The concentrations of mother (ZBSPu, 239Pu, 24{}Pu,
2py, 242Pu) and daughter nuclides (234U, 235 U, 2'3‘F’U,
238(]) were determined in two separate isotope dilution
mass spectrometry (IDMS) measurements using TIMS
[26]. All aliquots of the sample solutions and the spiking
solutions were weighed metrologically.

The **?Pu spike certified reference material (CRM)} used
to prepare the blends for plutonium IDMS was IRMM-
049d {Institute for Reference Materials and Measurements,
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Geel, Belgium) [27]. Only for sample NBS 946 the ***Pu
spike CRM IRMM-049c (Institute for Reference Materials
and Measurements, Geel, Belgium) [28] was used. In
addition to the spike-sample blends, an aliquot of the un-
spiked sample solution had to be analysed for the isotopic
composition of the plutonium, since the spiking isotope
2Py is present in the sample. TRMM 3630 was used as
>33 spike for the measurement of the concentrations of the
uranium nuclides by IDMS, since it only contains only very
low amounts of 2**U, BSU, 35U and 238U; details about
this material can be found in the second column of Table 1
in Ref. [29]. No additional measurements of the un-spiked
samples were required for the IDMS experiment concern-
ing the uranivm nuclides’ concentrations because the
spiking isotope Z*U was not expected to be present in the
samples. The blend mixtures were evaporated to near
dryness and the residues were dissolved in 2 molar HNO;.
The sample aliquots for the determination of plutonium
were purified using anion-exchange columns (Bio-Rad
AGI1-X4, 100-200 mesh; Hercules, CA, USA) according
to [30]. The chemical separation of the uranium fraction
prior Lo the measurement of the uranium nuclides was
accomplished using a combination of anion-exchange
columns (Bio-Rad AGI1-X4, 100-20{ mesh; Hercules, CA,
USA) and extraction chromatographic columns (UTEVA;
Eichrom Technologies, Lisle, IL, USA}. All measurements
were done applying the total evaporation (TE) method |31]
a Triton (Thermo Fisher Scientific, Bremen, Germany)
TIMS multi-collector instrument. For the measurement of
the uranium nuclides carburized filaments were used [32];
the corresponding sample preparation procedure will be
published elsewhere in detail. The mass spectrometer was

@ Springer
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calibrated for mass fractionation by measuring the certified
reference materials IRMM-(74/10 (Institute for Reference
Materials and Measurements, Geel, Belgium) [33] for
uranium  and TRMM-290A/3 (Institute for Reference
Materials and Measurements, Geel, Belgium) [34] for
plutonium.

The concentrations of the mother and daughter nuclides
were subsequently used Lo form the ratios necessary [or age
determination as described in Eqs. (1)-(3).

The total combined uncertainties of all results were
calculated using the software GUM workbench (Meltrodatla
GmbH, Weil am Rhein, Germany). A correction for ***Pu
in the purified vranium fraction was necessary for the
proper calculation of the ***U concentration. This correc-
tion leads to a higher uncertainty of the concentration of
238 compared to the other uranium nuclides. Due to the
low content of uranium in aged plutonium samples, it was
not possible to remove all the plutonium completely from
the purified uranium fraction that was prepared for the
uranium IDMS measurements. *°Pu interferes with =*U
due to the similarity of the masses. The mass resolution of
1.9 x 10° required to resolve these nuclides cannot be
achieved by current mass spectrometers [35]. In order to
correct for the contribution of “®Pu to the signal at mass
238, the signal at mass 239 was also measured during the
TE TIMS measurement of uranium and the **Pu/*"Pu
ratio from the plutonium TIMS measurement was used lor
the correction of the concentration of **¥U,

Regarding the plutonium determination, a correction for
peak tailing from mass 239 to mass 238 was applied to the
measurement of the purified plutonium fraction.

This correction was necessary since the investigated samples
contain a lot more **Pu than ***Pu (see Table 2). The ratio of
mass 237-mass 238 from uranium measurements was used for
the correction for peak tailing of the plutonium measurements.
For this purpose the mean of the ratios of mass 237-mass 238 of
nine filaments loaded with the certified reference materials
IRMM-(74/10) (Institute for Reference Materials and Mea-
surements, Geel, Belgium) measured on two different days was
calculated; its standard error was calculated the mean was and
subsequently used for the correction (R,caxraiting in Eq. (4)). This
caleulation resulted in a value of 7.05 x 107° £ 1.03 x 107°
¢k = 1) for Rycatuiiing: The uncertainty of this comection was
propagated; it accounts for about 22 % of the uncertainty of the
concentration of **Pu. The measured ratio of the signal at mass
238 to the signal at mass 239 is represented by Ro3s230mcasused i
Eq. (4). Raagpunaopy 18 the corrected 238pu/2¥ Py ratio that was
subsequently used for the calculation of the concentration of
Z38py,

238Pu/239Pu — {3238 /239measured calktailing -
R R Ripealcailing )
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Results

The widely distributed isotope ratio reference material
NBS 946 served as model sample for the examination of
age dating using different plutonium/uranium clocks in this
work. The resulting ages are reported in Table 4 (‘Deter-
mined age’) and agree well with the reported dates for the
production of NBS 946 in 1970 [36]. This sample therefore
represents an example for an ideal age dating result since
all three commonly used plutonium/uranium clocks
(oAU, PPw AU and 2*°Pu/A**U) match within their
uncertainties. The major contributions 1o the total com-
bined uncertainties of the age dating results of these clocks
were Lhe hall-lives |24] and the concentrations of the plu-
tonium nuclides. The major contributor to the concentra-
tions ol the plutonium nuclides 23%py and *Pu was the
uncertainty of reference materials that were used as spikes
for plutonium ID TIMS. Second to the uncertainty of the
242py gpike for plutonium ID TIMS, the correction for peak
tailing from ***Pu was found to be a major contributor to
the concentration of ***Pu. Hence, a higher total combined
uncertainty can be observed for the age dating result of the
puMU clock compared to the 9Py and
240pu/>*U clocks.

The age dating result of the **’Pu/***U clock is also not
significantly different from the other plutonium/uranium
clocks for this sample. Nonetheless, it is evident that the
total combined uncertainty of this clock is significantly
higher. The **?Pu/”**U clock is normally not considered
due 1o the low concentrations ol mother and daughter
nuclides, the ubiquity of ***U and the respeclive mea-
surement challenges. The concentration of ingrown ***U in
an aged plutonium sample is usually significantly lower
than the concentrations of the other uranium nuclides and
has a higher uncertainty (see Table 3). The reason [or the
high uncertainty of the concentration of ***U is the cor-
rection for residual ***Pu in the uranium fraction during
uranium IDMS. The concentration of ***U is thus the main
contributor (about 99 %) to the total combined uncertainty
of the age dating result of the **Pu/>**U clock.

The age dating results for sample NBS 946 have been
chosen as a basis for demonstrating the main factors that
can lead to erroneous results of the plutonium/uranium
clocks: Hypothetical scenarios for a contamination with
natural uranium and for an incomplete separation at time
zero were developed Lo demonstrale how the age daling
results of the plutonium/uranium clocks shift in absolute
terms and relative 10 one another (see Table 4},

In the following paragraphs, the inflluence of uranium
contamination and incomplete separation at time zero are
discussed for hypothetical scenarios calculated for NBS
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Table 4 Results of the age determination of sample NBS 946 determined by ID TIMS (*Determined age’); assuming & contamination of the
plutonium sulphate with 0.06 % (w/w) natural uranium {“Natural uranium contamination’); and assuming that only 90 % of the uranium was
removed during the last separation {‘Tncomplete separation’); the uncertainties are expanded uncertainties (b = 2): reference date: 18.10.2011

Clock Determined age (a) Calcvlated *age’ (a)

- Natural uraniuin contamination Incomplete separation

Value Uncertainty Value Uncertainty Value Uncertainty
EpyAy 41.09 0.29 41.09 0.29 42.39 0.29
Bpuy 41,12 0.12 4151 012 42,82 0.12
H0py/ 0 41.16 0.11 41.16 Q.11 42.85 0.11
HpuPty 434 4.5 11 % 10° 690 45.1 4.5
946 and for the results obtained for the samples ACH
104-1, ACH 104-2 and ACH 104-3. (a)

417
Contamination of an aged plutonium sample %
with uranium
=414 T

In case of a contamination of a plutonium sample with nat- &
ural uranium it can be expected that the result for the s }
Z9py P30 clock is shifted to an older age relative to the 411
Epy 2 and 2*°Pu®U age dating results. Therefore, in
the following calculations, a hypothetical contamination of 408
the original solid plutonium sulphate material by 0.06 % ' P40 e u e
{w/w x 100) natural uranium was assumed for NBS 946,
The extent of this assumed contamination has deliberately () L1 10° +- 690
been chosen as such to induce a signilicant difference
between the results of the *°Puf**U clock and the
0py/AY clock; it is hence the minimum amount of a 435 l
contamination with natural uranium that would introduce a
signiticant shift of the age dating result of >**Pu/**U clock
relative to the age dating result of the 240py33% clack for = 41.9 1
this sample. The age dating result of the **°Pu/***U chro- e §§ & & & O
nometer is not influenced by a contamination with natural S
uranium since **°U is not present in natural uranium [37]. A 40.3
contamination with natural uranium can, however, resultin a
significantly higher age for the *Pu/>U compared to the 187 +

result for the *"Pu/>*U clock. Tt is evident that the
2Py 28U clock gives a much higher result for the calcu-
lated age. It can be seen [rom Table 4 and Fig. 1 that the
242py/ 238 age daling resull increases to an extremely high
value in case ol this assumed contamination scenario.
Therefore—even though measuring the ***Pu/***U ratio
might not be useful for plutonium age dating—it can give
valuable additional information on uranivm contaminations
that contain **U. Due to the long half-life of the mother
nuclide ***Pu in combination with its usually rather low
concentration compared to the other plutonium nuclides (see
Tables 1, 2) the expected concentration of 2y s very low
assuming the sample has not been contaminated with U
after time zero (such as sample NBS 946; see Table 3

95

o ZMPHIZMU 239Pu/235L JAIIPuIJ.%L l-lZPullst

Fig. 1 Influence of contamination with natural uranium on the age
dating results of sample NBS 946; a, b represent difterent age scales:
All uncertainties shown are expanded uncertainties (k = 2); reference
dare: 18.10.2011; full symbols age caleunlated from results determined
by ID TIMS; empty symbols age calculated from the results
determined by TD TIMS assuming a contamination of the plutonium
sulphate sample with 0.06 % (w/w) of natural uranium

‘Determined age’). The nuclide 2337 is mareover the most
abundant uranium nuclide in many uranium materials that
could possibly contaminate a plutonium sample. A very high
age resulting for the **?Pu/>®U clock suggests that a contam-
ination has taken place and the amount of conlamination can be
estimated:
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If the sample is contaminated by natural uranium
G(PPU) = 0.992742(10); x(FU) = 0.007204(6); x(3U)
= 0.000054(5) [37]) we can assume that the age dating result
of the 2**Pu/>°U clock is not influenced by the contamina-
tion. Thus, the expected concentrations of ***U, U and
233U in the uncontaminated sample can be calculated with
the age dating result of the *Pu/”*®U clock, which is
assumed to be the true age of the unconlaminated sample.
First the concentrations of the mother nuclides 238Pu, 2¥py
and 2*?Pu at time zero are calculated from the measured
concenlrations (present time) using the respective decay
equation {Eq. (1)). Based on these values, the theoretical
concentrations of their daughter nuclides 23y, B3 and PPU
in the uncontaminated sample at the time of the age deter-
mination (present time) can be calculated using Eq. (2).
These concentrations are subtracted from the actually mea-
sured values for the concentrations of 'z‘“U, 23517 and ***U.
The calculated ‘excess’ of these uranium nuclides represents
the uranium contamination. Based on the ratio of > U/ U
in the determined ‘excess’, it is possible to see whether the
contamination actually resembles as assumed natural ura-
nium or has another isotopic composition. In case the nature
of the contamination differs from natural uranium, it is of
vital importance to be aware of the fact that the assumption
for this calculation was that the 2*'Pu/2*U clock is not
influenced by the contamination and thus represents the true
age ol the sample. This means the calculation 1s only valid for
uranium contaminations that do not contain amounts of 2*°U
that significantly alter the age dating result of the **°Pu/>*¢U
clock of the sample under investigation. The risk for an
alteration of the age dating result of the ***Pu/>**U clock by a
contamination containing **°U has been assessed. It has been
caleulated that in sample NBS 946 about 1.4 pg ***U per
gram plutonium sulphate would be needed to significantly
change the age dating result of the ***Pu/”*°U clock
{expanded uncertainty; k = 2).

n comparison to that only 50 ng ***U per gram pluto-
nium sulphate sample introduce a significant change in the
result of the ***Pu/”**U clock (expanded uncertainty:
« = 2) despite of the larger uncertainty of this clock (see
Table 4).

This means a contamination with a 2*°U/*U ratio of
about or more than 30 (w/w) would be required to signif-
icantly change the result of the ***Pu/***U clock without
introducing significant changes in the age dating result of
the >Pu/?**U clock of this sample; this scenario is rather
unusual. It is rather unlikely that ***U contained in a non-
natural uranium contamination will have a significant
influence on the age dating result of the ***Pu/”**U clock:
U is contained in reprocessed uranium and irradiated
uranium fuel [38]: Irradiated uranium fuel contains about
160-190 times more 2°U than **U depending on the
initial enrichment of the uranium and the burn-up of the
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fuel. Although spent fuel based on enriched reprocessed
uranium contains about 330 % more 2*°U than spent fuel
based on enriched natural uranium, it contains still almost
five times more ***U than **U. Also the cooling time has
no significant influence on the relative contents of ***U and
237 in spent uranium fuel [38].

Depending on the extent of any contamination it is also
possible that a contamination with natural uranium—despite
of an elevated age dating result of the 2*Pu/>*%U clock—
does not cause a significant change in the age dating result for
the *Pu/U clock compared 1o the resulls for the
240py23J glock. In this case the deviation arising [rom the
contamination would be smaller than the uncertainties of the
results of both the **Pu/***U and the *"Pu/** U clocks.
Depleted uranium contains only 0.2-0.3 % of ***U com-
pared to about 0.7 % 235U in natural uranium [39]. Hence the
influence on the Z**Pu/2**U clock will be even less in case of
a contamination with depleted uranium.

Although natural uranium also contains 2341, it can be
seen in Table 4 that the age dating result of the Z**Pu/>*U
clock for sample NBS 946 docs not change when subjected
to the contamination scenario described above (a hypo-
thetical contamination of the original solid plutonium sul-
phate material by 0.06 % (w/w x 100) natural uranium).
The reasons for the insensitivity of the Z**Pu/2**U clock to
contamination with natural uranium are the low content of
2307 in natural uranium G(3UY = 0.000054(5) [37]) and
the short hall-life of 2**Pu of 87.7(3) a [ 13]. The latter leads
to a “**U concentration that is comparable to the concen-
trations of **U and **°U in an uncontaminated aged plu-
tonium sample (see Table 3), despite of the low content in
3Py compared to the other plutonium nuclides (see
Table 2).

At least 5.6 pg U per gram plutonium sulphate would
be needed to significantly change the age dating result of
the **Pu/*™U clock (expanded uncertainty; k = 2) in
sample NBS 946. Tn comparison to that 50 ng **U or
4.6 ug =y per gram plutonium sulphate sample introduce
a significant change in the result of the respective clocks
(expanded uncertainty; k = 2} in this sample.

Hence, a contamination with a **U/”**U ratio of about
118 (w/w) or more would be required to significantly
change the result of the 28py/2U clock without intro-
ducing significant changes in the age dating result of the
242py/23Y) clock of this sample. A uranium contamination
would be required to have a **U/*°U ratio of at least
1.25 (w/w) in order 1o be able to change the age dating
result of the ***Pu”U clock significantly without chang-
ing the age dating result of the **Pu/***U clock.

Due to the U/ U ratio of 7.5 x 107° £ 1.4 x 107°
(w/w; k= 2) in natural uranium [37], it is very unlikely
that the age dating result of the Z*Pu/**U clock will be
influenced by a contamination with natural uranium. The
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same goes for other uranium contaminations: the ***U/2*3U
ratio in enriched uranium for uranium fuel production is
kept below the internationally accepted product specifica-
tion of 10 mg **U/g **°U. The ™*U/**U ratio in spent
uranium fuel based on enriched natural uranium lies around
0.02-0.04 (w/w) depending on the initial enrichment in
233 and the burn-up of the fuel; spent uranium fuel based
on reprocessed uranium can have a 2*U*U ratio around
0.9 [38]. Depleted uranium has a molar ratio of 2Hu/Au
around (.04-0.05 [40].

No significant shift of the age dating results of
2Py U clock to older age has been found in any of the
analysed samples that were found to have been contami-
nated with uranium as described below. In the following
paragraphs, the samples ACH 104-1 to 3 are evaluated with
respect to the robustness of the evaluated clocks and a
possible uranium contamination.

Sample ACH-104-2 is a good example for an aged
plutonium sample most likely contaminated with natural
uranium (Table 5; Fig. 2). It is evident that the three clocks
ZHpy AU, PUPuAP U and PPu/AU are in good agree-
ment within their stated uncertainties, but the 242py Ay
clock yields a significantly older age dating result. In this

Table 5 Results of the age determination of sample ACH-104-2
determined by ID TIMS; the uncertaintics are expanded uncertaintics
(k = 2); reference date: 18.10.2011

Clock Determined ‘age” (a)
Vulue Uncertainty
2Hpy Ay 29.22 0.26
22pufU 29256 0.083
Hopy/ ey 29.135 0.074
rpu Py 3889 24
29.5 —
23 T
[
b L 4 T
: $
1
v
29.1 T
289 < -
23 234 239 233 24 23
U PP U PP

Fig. 2 Results of the age determination of sample ACH-104-2
determined by ID TIMS for the clocks Z*Puw/”*U, Pu™U and
0pu/BoU; all uncertainties shown are expanded uncertainties
(k = 2Y; reference date: 18.10.2011
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case it is not possible to directly draw conclusions about
the nature of the uranium contamination, since the age
dating result of the 29py23Y clock is not significantly
different from the age dating results of the ***Pu/***U clock
and the >*"Pu/”**U clock. Only the age dating result of the
22pu/?¥U clock is shifted towards an older age. Conse-
quently, it is not possible to calculate the ‘excess’ of U
as described above, since this fraction of the measured 2°U
that belongs to the contamination is masked by the
uncertainty of the age dating result of the 2**Pu/?* U clock
itsell as well as by the uncertainties of the age dating
results of “*Pu/**U clock and of the ***Pu/***U clock. It
is only possible to calculate the minimal concentration of
2351 that would have to be added in order to shifl the age
dating result of the ***Pu/**U clock to a significantly
older age than the age dating result of the **"Pu/>**U
clock.

From this calculated concentration of U and the
‘excess’ in 2**U (that can be caleulated as described for
NBS 946 in the beginning of this chapter) a = U/>U ratio
of 0.034336 4+ 26 x 107° (w/w; k= 12) is derived for
sample ACH-104-2. Tt can be concluded that the actual
uranium contamination of sample ACH-104-2 must have a
23U ratio <0.034 {(w/w). Hence a contamination with
a small amount of low enriched uranium (LEU) or natural
uranium is likely. A contamination with depleted uranium
is also possible.

ACH-104-1 and ACH-104-3 represent two examples [or
aged plutonium samples obviously showing a contamina-
tion with enriched uranium.

The age dating results of the plutonium/uranium clocks of
sample ACH-104-1 are shown in Table 6 and Fig. 3. It can be
seen that the age dating results of the **Pu/”*U and **Pu/***U
clocks are significantly different from the age dating results of
the *Pu/”°U and the **Pu/™U clocks. Proceeding as
described above—assuming that the result of the **'Pu/™°U
clock has not been altered by the contamination—the ‘exces-
ses” of ™°U and ***U were calculated. The estimated >**U/™%U
ratio in the ‘excess’ is 0.043 + 0.034 (w/w; k = 2). This cor-
responds to 4.1 = 3.1 % (k = 2; mol/mol) of 2**U in the sum
of 2*U and 2*>U. This calculation is just a coarse estimation of
the composition of the contamination since it neglects all other
uranium nuclides. This result corresponds, nonetheless, to a
LEU contamination. LEU is defined as uranium that has been
enriched to less than 20 % >**U. LEU with an enrichment of
typically 3-5 % is used in light water power reactors [41].
Uranium fuel for a light water reactor could consequently be a
possible source for the contamination. Assuming that the con-
tamination mainly consists from U and ***U and thus not
taking any other uranium nuclides into account, the uranium
contamination would represent 0.032 £+ 0.021 % (w/
w x 100) of the original solid plutonium oxide material of
sample ACH-104-1.
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Table 6 Results of the age determination of sample ACH-104-1
determined by ID TIMS; the uncertaintics are expuanded uncertaintics
(k = 2, reference date: 18.10.2011

Clock Determined ‘age” (a)
Value Uncertainty
B8pyAMy 29.06 021
2Py 29.744 0.084
Hopyey 29.057 0.073
F2py/ Y 8700 5000
30.0
—_
5 29.6
']
&
29.2 % i
288 238 234, 239 235 240 236.
Pw U Pw U PwU

Fig, 3 Results of the age determination of sample ACH-104-1
determined by ID TIMS for the clocks 2‘mPu./’:‘MU, 2py 2By and
MpPU; all uncertainties shown are expanded uncertainties
(k = 2, reference date; 18.10.2011

Table 7 Results of the age determination of sample ACH-104-3
determined by ID TIMS; the uncertainties are expanded uncertainties
(k = 2); reference date: 18.10.2011

Clock Determined ‘age’ (a)

Value Uncertainty
=pyu/HU 20.22 0.21
29pu/FB1 81 023
Hopy Py 29.266 0.074
Hpy Py 10300 330

The age dating results of the plutonium/uranium clocks
of sample ACH-104-3 are shown in Table 7 and Fig. 4.
Similarly to sample ACH-104-1, the age dating results of

l 81 +/-0.23

29.8
£ 295
5]
g
29.2 A E
289 238 234 239 235 240 236
P U Ppou PuU

Fig. 4 Results of the age determination of sample ACI-104-3
determined by TD TIMS for the clocks ***Pu/”'U, **Pu/**U and
249y T; all uncertainties shown are expanded uncertainties
{k = 2); reference date: 18.10.2011

the **Pu/*U and the *Pu/”*®U clocks are significantly
difTerent [rom the age dating results of the **"Pu/**U and
the **Pu/2**U clocks. In this case the “excess’ of both 2**U
and ***U were calculated, as well. Once again il was
assumed that the result of the 2**Pu/***U clock has not been
altered by the contamination.

The caleulated **U/**U ratio in the comtamination is
1.154 + 0.036 (w/w; k=2), which corresponds to
53.53 + 0.79 % (wiw; k = 2} of U in the sum of *U
and ?*U. In this case, the isotopic composition of the
contamination points to a contamination with high-enri-
ched uranium (HEU). A likely source for this uranium
contamination would be an uranium reference material
with a 2**U/?*U ratio close to unity such as IRMM-072
[29] or CRM U300 [42]. Furthermore, the contamination
could consist of uranium fuel for a research reactor [43].
Another less likely source for this HEU contamination i3
uranium fuel for naval reactors: Uranium [uel with an
enrichment in the range of 3-93 % **U is used in naval
reactors. According to literalure [44] several nuclear-
powered Russian submarines and ships were buill in the
1970s and 1980s that can be fuelled with uranium fuel with
an enrichment of 23U close to 50 % (from 45 10 55 % 2°U
for the concerned naval reactors). Assuming thal once
again the contamination mainly consists of ***U and ***U
and thus not taking any other uranium nuclides into

Table 8 Half-lives of plutonium mother nuclides and their respective daughter nuclides used for age dating of plutonium from Ref. [46]:

uncertainties are standard uncertainties

Clock Half-life mother (a) Reference Half-life daughter (a) Reference
puHy 87.74(3) [46] 2.455(6) % 10° [46]
opyY 2.410(3) x 10* 146 7.04(1) x 16° 146]
H0py 2y 6561(7) 146] 2.342(4) x 107 146]
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account, the contamination makes up 0.1587 + 2.3 x
107% % (w/w; k = 2) of the original solid plutonium oxide
material of sample ACH-104-3.

Incomplete separation at time zero

Another scenario that shifts the plutonium/uranium clocks
relative o each other in a distinctive way is an incomplete
removal of the daughter nuclides during the last manipu-
lation of the material (i.e. incomplete purification of the
plutonium at time zero). The scenario discussed does not
refer to plutonium that is freshly separated from irradiated
uranium fuel, but plutonium material that has been purified
more than once. Plutonium which is separated from irra-
diated uranium fuel by an industrial process may still
contain significant amounts of the uranium matrix [45]. It
is thus not suited for plutonium age determination via the
plutonium/uranium clocks, since the prerequisite (i) of
nuclear age determination that all the ‘daughter’ nuclides
should be completely removed from their respective parent
nuclides at time zero (1 = 0) is not met and plutonium age
determination can be expecled to be significantly biased.

The effect of an incomplete removal of the uranium
nuclides during the last chemical separation from the plu-
tonium matrix is discussed. The uranium isotopes present
in a sample under investigation will consist of residual
uranium and radiogenic uranium, This results in two main
issues for nuclear forensic interpretation: the results of the
2WpyPHy, PpyU, 20puU and *PutU clocks
are shifted to an older age due to the ‘excess’ of uranium
and secondly the uranium isotopes may provide hints on
the initially used uranium fuel for plutonium production. In
order to exploit the latter, the age provided by the parent/
daughter pair which is least affected by residual uranium
(usually 240py/?3%U) can be used Lo calculate the amount of
radiogenic uranium isotopes. Correcting the measured
uranium isotopic composition for the radiogenic contribu-
tion will result in the isotopic composition of the uranium
fuel (used for plutonium production) at the end of irradi-
ation. A more quantitative discussion hereof is, however,
beyond the scope of the present paper.

Only the three commonly used plutonium/uranium
chronometers for plutonium age determination (*Z**Pu/**U,
Z9py/P5U and *°Pu/F0U) are discussed in this chapter,
since no significant shift of the result of the ***Pu/***U clock
from the age dating results of the other plutonium/uranium
clocks was observed for the example described below (see
Table 4 ‘Incomplete separation” and ‘Determined age’).

The result for the **Pu/>*U clock is shifted to a
younger age relative to the 2*Pu/?*U and ***Pu/**°U age
dating results. This can be explained by the half-lives of the
mother and daughter isotopes pairs shown in Table 1: The
half-life of ***Pu of only 87.7(3) a is considerably shorter

42,6 %
2419
QJ
0
&

T -
41.2 I 3 $
40.5
W A IO 235 20, 236

Fig. 5 Influence of assumed incomplete separation on age dating
results of sample NBS 946; all uncertainties shown are expanded
uncertainties (k = 2); reference date: 18.10.2011; full symbols age
calculated from results determined by ID TIMS; empty symbols
values calculated from the results determined by ID TIMS assuming
only 90 % of the uranium was removed during the last separation. It is
also assumed that the first removal of the daughter nuclides took place
17 years prior to the last separation

than the half-lives of ***Pu and **"Pu, 2.411(3)-10* a and
6563(7) a, respectively [24]. This scenario is illustrated in
Table 4 (Incomplete separation) and Fig. 5 for NBS 946.
The values shown for this scenario have been calculated
assuming the following hypothetical history of the sample,
chosen in a way that a significant difference between the
results of the “*Pu/***U clock and the ***Pu/**U clock is
induced: 17 years before the last separation (second sepa-
ration) the material had been ‘produced” by separating the
mother nuclides from its daughter nuclides (first separa-
tion) around 1953. This first separation was achieved with a
high decontamination factor, leaving practically no ura-
nium nuclides in the plutonium material. Furthermore, it
was assumed that the ‘true time span’ since the last sepa-
ration (second separation) was the actually determined age
dating result for the **°Pu/*°U clock (41.16 £ 0.11
(k = 2) calculated for 18.10.2011; see Table 4 ‘Deter-
mined age’).

The second separation that took place 17 years after the
initial isolation of the plutonium from its daughter nuclides
was assumed to be incomplete leaving 10 % of the
daughter nuclides that have built up during these 17 years
in the plutonium material.

Care must be taken not to accomplish such interpreta-
tions without careful consideration of other effects on the
age dating results of the different plutonium/uranium clocks
that are artefacts of the sample preparation, measurement or
data treatment. An example for such an artefact that has to
be considered in some samples is explained in the following
paragraph simulating incomplete separation:

During the TE TIMS measurement of the plutonium
isotopes a peak tailing effect can be observed from mass
239 1o mass 238. The plutonium samples for age
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Table 9 Results of the age determination of the samples NBS 946 (1) and ACH-104-2 (b) determined by ID TIMS including the result for the
238pu/PMU clock without correction of the 2**Pu measurement signal for peak tailing from the ***Pu measurement signal using two different sets
of half-lives (from [22] and [44]); the uncertaintics are expanded uncertainties (kK = 2); referenee date: 18.10.2011

‘Age’ (a) ‘Age” ***Pu uncorrected (a) ‘Age” (a) ‘Age’ 2*Pu uncorrected (a)
Half-lite [24] [24] [46] [46]
Clack Value Uncertainty Value Uncertainty Value Uncertainty Value Uncertainty
(a) NBS 946
i R VR I 0.29 40.97 0.29 41105 0.080 40992 0.072
i U VR YW ) 012 - - 41.10 0.12 - -
MPWTPU 4116 011 - - 41.15 0.11 - -
{b) ACH-104-2
Py 2922 0.26 28.94 021 2923 0.11 28955 0.072
PpuftU 29256 0.083 - - 29243 0.081 - -
pyy 29135 0.074 - - 29.126 007 - -
determination usually contain a lot more **Pu than ***Pu
(see Table 23, The apparent higher number of **Pu nuc-
lides shifts the nuclide ratio 2**Pu/*'U to a value that (a)
represents a ‘younger’ age relative to the *Pu/?**U and
the #*°Pu/”*U clocks. This creales a pattern of the pluto- 29.4 1
nium/uranium clock’s age dating results that looks similar {
Lo the scenario of incomplele separation described above. =
The first two columns of Table 9 show the results of the & {
age determination of the samples NBS 946 (a) and ACH- ® 291 7
104-2 (b) lor the 23pu3* U clock with and without cor-
rection of the ***Pu measurement signal for peak tailing
from the **Pu measurement signal. In both cases, the 288
8pu/A*U clocks show a shift towards lower absolute age ' 28, U 23 E M0 2%
N Pw/ U Pu/""U Pu/ U
values, even though the shift is not significant. Nonethe-
less, the resulting pattern of the three different plutoniumy/ (b)
uranium clocks can potentially be interpreted as incomplete
removal of the uranium daughter nuclides at time zero 204
{compare to Fig. 6a). The reason for the different effects on {
the two different samples can be explained by the differ- =
ence of relative amounts of **Pu and *Pu (see Table 2). & {
The analytical artefact is more pronounced when a higher 5291
239py/2*8Py ratio is measured. The ratios of ***Pu/”**Pu in %
NBS 946 and ACH-104-2 are 459.04 £ 060 and
1487.5 & 8.5 (k = 2), respectively.
288 B8 AMY 295 238 MO, 236

Uncertainties of plutonium half-lives

The main contribution to the expanded combined uncer-
tainties of the age dating results of the ***Pu/***U clock is
the half-life of ***Pu followed by the concentration of
2Py, The main contribution to the uncertainty of the
concentration of ***Pu is the uncertainty of the IDMS spike
followed by peak tailing correction, and the measured ratio
of 2P Pu_ which is significantly lower than the ratios
of the other plutonium nuclides to 2Py (see Table 2).
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Fig. 6 Influence of omitting the correction of the 23%py measurement
signal for peak tailing from the **Pu measurement signal on age
dating results of sample ACH-104-2; age dating results for*Pu/?'U;
Z9pg/AU and FYPuPPU clocks are shown: full symbols age
calculated from results determined by ID TIMS; empty symbols
results determined by 1D TIMS for the ***Puw”**U clock without
correction of the “*Pu measurement signal for peak tailing from the
2%Py measurcment signal. a Half-life values from Ref. [24] used for
the data evaluation. b Half-life values from Ref. |46] used for the data
evaluation. All uncertainties shown are expanded uncertainties
): reference date: 18.10.2011
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Since the half-life is nevertheless—as for the ***Pu/***U
and the 2*"Pu/”*"U clock’s age dating results—the main
contributor to the uncertainty of the ***Pu/™**U age dating
result, the source of half-lives used for age dating can
determine whether a ‘pattern’ of different clocks is visible
or not. The half-lives of the uranium and plutonium nuc-
lides from Ref. [24] listed in Table | were used for the
calculation of all data shown in this article hitherto. This
set of half-lives was chosen since it is representative for a
set of half-lives that is actually being used in nuclear lab-
oratories: The EC-JRC-IRMM gives a relerence Lo Lhis sel
o[ hall-lives on each IRMM plutonium reference material
certificate such as for the certified reference material
IRMM-049d (Institute for Reflerence Materials and Mea-
surements, Geel, Belgium) [27] which was issued in 2011.

Using a different set of half-lives such as Ref. [46],
however, changes the situation: The last two columns of
Table 9 show the age dating results for samples NBS 946
and ACH-104-2 using the half-lives given in Table 8. The
age dating result for the **Pu/***U clock for sample ACH-
104-2 without correction of the ***Pu signal for peak tailing
from the **Pu signal is significantly different from the
results of the *Pu/**U and **"Pu/*°U clocks. This can
also be scen in Fig. 6b. The corresponding values for
sample NBS 946, however, are still overlapping within
their uncertainties,

The weight ol the contribution of the peak tailing cor-
rection Lo the total combined uncertainly of the age dating
result of the clock ***Pu/”*U depends highly on the choice
of the ***Pu half-life: In sample NBS 946 the uncertainty
contribution of the peak tailing correction changes from 5.8
to 76.6 % when the half-life of **Pu is changed from the
half-lives published by the IAEA [24] to those published
by Be et al. [40], since the uncertainties of these published
half-lives have quite different uncertainty values.

Discussion

When the age dating results for the Z*Puw/?**U, 2*Pu/>%U,
29py20U and 2*?Pu/***U clocks are considered for plu-
tonium age dating the following conclusions can be drawn
depending on the observed measurement results:

— All the results are in agreement with each other: no
further assessment is required and the last separation
date can be determined with a high level of confidence.

—  The age dating results of the 2**Pw/*U, 2*°Pu/*U and
220py23Yy  clocks agree with each other, but the
22py 238U clock indicates an older age: the contami-
nation can consist of a small amount of enriched,
natural or depleted uranium; only the upper limit for the
23573y ratio in the contamination can be estimated.

101

The results of the **Pu/ MU, *“PuU and
HOpu/A clocks represent the production date.

— The age dating results of the **Pu**U and the
29py/P°U clock agree with each other, but the
2Py clock and the *Pu”U clock give an
older age: The *°U/***U ratio in the contamination can
be estimated. HEU is a probable source for the uranium
contamination. Especially in this case it must be kept in
mind that the contamination could (theoretically) also
contain a significant amount of ***U since the nature of
the contamination is not known, but the ***Pu/>*¢U
clock’s result has been used as the reference for the
‘true age without contamination’ for the calculation of
the nature of the uranium contamination. The age
dating results of the **Pu/”*U and the *"Pu/>°U
clock can with precautions be interpreted as the
production date of the sample.

— The age dating results ol the >*?Pu/?**U and **°Pu/>*U
(and ***Pu/>*U) clocks maich, but the ***Pu/"*U clock
resulls in a younger age: When an artelact due to an
omilted peak tailing correction [or peak failing from
237P1 10 mass 238 can be excluded, the last removal of
the daughter nuclides at time zero has been incomplete.
This means that all the results show an older age than
the actual age. It can be concluded that the sample must
be younger than the age dating result of the ***Pu/**U
clock.

— The results of the different clocks do not fit with each
other and none of the above mentioned explanations is
eligible: The sample is probably a mixture of different
materials of different ages; or the sample has been
contaminated with uranium and the separation at time
zero has been incomplete. None of the determined age
dating results can be trusted in this case.

Conclusion

Age determination is undoubtedly a powerful tool to limit
the number of [lacilities where seized plutonium samples
could have been produced or processed for nuclear forensic
invesligations. For plutonium age dating it is, however,
advisable to use more than one parent/daughter pair in
order Lo ensure the reliability of the radiochronometric
results. Ideally all of the clocks will yield consistent results
providing a reliable ‘age’ of a nuclear material. Inconsis-
tent results of the various Pu/U clocks may be attributed to
uranium present in the sample which is not of radiogenic
origin. Uranium contamination in plutonium samples may
arise from incomplete separation of the two elements at the
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initial stage or it may be due to uranium which was
{accidentally) added to the plutonium after the last chem-
ical separation.

With this study the authors achieved to establish a
‘roadmap’ for dating of plutonium materials via the
respective plutonium/uranium clocks. According to our
findings, the Z*Pu”™U, Z*Puw/>°U and **"Pu/>°U clocks
are mosl likely to lead Lo consistent age values (even
showing robustness against small contaminations with
uranium). If the age dating result of 2**Pu/***U clock is
high in comparison 1o the other plutonium/uranium clocks,
contamination with a small amount of enriched uranium or
with natural or depleted uranium can be suspected. In case
of a positive bias of the *Pu/**°U clock compared wilh
the results for ***Pu/”**U and >*°Pu/”**U clocks along with
the elevated result of 2*?Pu/>**U clock, a contamination
with enriched uranium might have occurred. If the
2Py and **Pu/>*U clocks agree within respective
uncertainties but the Z*Pu/?*'U clock gives a lower result
then incomplete separation at time zero is likely assuming
an analytical artefact arising from omitted peak tailing
correction can be excluded. Hence, a careful evaluation of
different radiochronometers may reveal additional infor-
mation on the uranium contaminant.

Unfortunately, there is at present no plutonium CRM
available certified for its separation date. In order to
improve this situation the EC-JRC-IRMM and the EC-
JRC-ITU (European Commission, Joint Research Centre,
Institute for Transuranium Elements) are closely cooper-
ating in projects for the production of plutonium (and
uranium [47]) CRMs certified for separation dates. These
CRMs are aimed at meeting a repeatedly expressed need of
laboratories involved in nuclear forensics, nuclear safe-
guards and nuclear security, since they will provide a solid
metrological basis for age dating measurements of nuclear
materials and establish proper confidence in the conclu-
sions based on these measurements.
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ments, and inter-laboratory comparisons (ILCs). Increased needs for quality control tools in proliferation
resistance, environmental sample analysis, development of measurement capabilities over the years and
progress in modern analytical techniques are the main reasons for the development of new reference
materials and reference methods for nuclear safeguards and security.

The Institute for Reference Materials and Measurements (IRMM) prepares and certifices large
quantities of the so-called “large-sized dried” (LSD) spikes for accurate measurement of the uranium
and plutonium content in dissolved nuclear fuel solutions by isotope dilution mass spectrometry
(IDMS) and also develops particle reference materials applied for the detection of nuclear signatures
in environmental samples. IRMM is currently replacing some of its exhausted stocks of CRMs with
new ones whose specifications are up-to-date and tailored for the demands of modern analytical
techniques. Some of the existing materials will be re-measured to improve the uncertainties asso-
ciated with their certified values, and to enable laberatories to reduce their combined measurement
uncertainty.

Safeguards involve the quantitative verification by independent measurements so that ne nuclear
material is diverted from its intended peaceful use. Safeguards authorities pay particular attention to
plutonium and the uranium isotope 235U, indicating the so-called ‘enrichment’, in nuclear material and in
environmental samples. In addition to the verification of the major ratios, n(2**uy/n(#*U) and n(**°Pu)/
n(**"Pu), the minor ratios of the less abundant uranium and plutonium isotopes contain valuable in-
formation about the origin and the ‘history’ of material used for commercial or possibly clandestine
purposes, and have therefore reached high level of attention for safeguards authorities. Furthermore,
IRMM initiated and coordinated the development of a Modified Total Evaporaticn (MTE) technique for
accurate abundance ratio measurements of the "minor” isotope-amount ratios of uranium and pluto-
nium in nuclear material and, in combination with a multi-dynamic measurement technique and fila-
ment carburization, in environmental samples,

Currently IRMM is engaged in a study on the development of plutonium reference materials for “age
dating”, i.e. determination of the time elapsed since the last separation of plutonium from its daughter
nuclides. The decay of a radioactive parent isotope and the build-up of a corresponding amount of
daughter nuclide serve as chronometer to calculate the age of a nuclear material. There are no such
certified reference materials available yet,

& 2013 Elsevier Ltd. All rights reserved.
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1. Introduction

The prime objective of the Institute for Reference Materials and
Measurermnents (IRMM) is to build confidence in comparability of
measurements by the production and dissemination of interna-
tionally accepted quality assurance tools. This is established via
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certified reference materials (CRMs), reference measurements and
conformity assessment tools (i.e. inter-laboratory comparisons).
The fundamental role of CRMs in measurements is to establish
traceability of a measured value to a primary unit of measurement,
such as defined in the [nternational System of Units (S1). IRMM is a
recognized provider of nuclear reference materials and supplies the
international community with different types of them, in particular
uranium and plutonium isotopic reference materials (IRM),
covering a wide range of concentrations and isotope ratios. These
nuclear reference materials are particularly needed for instrument
calibration, validation of analytical methods, and for assessing the
reproducibility of measurement results in compliance with the
quality control requirements for various fields of application such
as fissile material control (nuclear safeguards), nuclear forensics,
geological and environmental sciences.

Some of the existing reference materials have been on the
market for decades. IRMM interacts regularly on the development
of new nuclear reference materials with several other international
reference material suppliers (e.g. New Brunswick Laboratory (NBL)
of the U.S. Department of Energy, CETAMA) as well as with safe-
guards authorities and laboratories (e.g. IAEA, JAEA) via the inter-
national platforms of ESARDA (European Safeguards Research and
Development Association), INMM (Institute for Nuclear Materials
Management) and [AEA (International Atomic Energy Agency)
technical meetings and workshops. Due to progress in modern
analytical techniques and instrumentation, the analytical mea-
surement community is in need of new plutonium and uranium
CRMs with considerably smaller uncertainties of their certified
values, This is of importance for helping labaratories in reducing
their measurement uncertainty and fulfilling the measurement
requirements for laboratory performance in safeguards verification
and nuclear material accountancy (International Atomic Energy
Agency, 2010; Jakopic et al,, 2011). To meet this request, RMM
launched in 2009 an inter-calibration campaign, inter-linking
several plutonium spike CRMs available at the institute on a
metrological basis, and applying state-of-the-art measurement
procedures. The following nuclear isotopic CRMs were part of this
campaign: IRMM-049b (**2Pu), IRMM-049¢ (**?Pu), IRMM-046b
(**Pu and %**U), IRMM-083 (**°Pu) and IRMM-081a (**°Pu). A
good agreement was achieved for all spikes, except for a mixed U/
Pu spike, IRMM-046D, for which the new experimental values and
expanded uncertainties are provided in a new certificate issued by
IRMM in 2010 (Jakopic et al., 2010a).

Recently, two 237Pu spike CRMs, IRMM-082 and IRMM-086, and
the IRMM-042a were included in the inter-calibration scheme.
IRMM-042a is a 2%*Pu spike CRM certified in 1986 with a relative
expanded uncertainty of about 0.2% (k = 2). Due to a small bias
observed in the certified values from recent measurements (Jakopic
et al,, 2011) and a relatively large combined uncertainty, it was
decided to issue a new certificate for IRMM-042a in compliance
with ISO Guide 34:2009 and ISQ/IEC 17025:2005. Some of the re-
sults for IRMM-042a and IRMM-086 will be discussed in this paper.

Another fundamental and new challenge is to develop CRMs
required for “age” dating in nuclear forensics. The “age” is defined
as the time elapsed since the last chemical separation of the mother
and daughter isotopes. Assuming that the separation is complete
and that all daughter isotopes have been removed from the original
material, the "age” of the material can be determined by measuring
the ratio of the daughter to mother radio-nuclides (Wallenius and
Mayer, 2000; Wallenius et al., 2006). In particular for the deter-
mination of the unknown age of a plutonium material, different
clocks (pairs of mother and daughter isotopes) can be used, i.e.
241840y, 238py R34y, 239py 235y, 240py 2% and possibly
22py 238, Thermal lonization Mass Spectrometry (TIMS) is
applied for the measurermnent of the plutonium and uranium
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isotope ratios after chemical separation, while 2Mam s usually
measured by y-spectrometry.

There are three possibilities to produce a reference material for
nuclear age dating, which are 1) the characterization of an existing
(old) material with well-known separation date, 2) the quantitative
separation of bulk material leading to a material with well docu-
mented separation date and completeness of separation (“clock”
set to zero), and 3) the preparation of a synthetic mixture of puri-
fied fractions of mother and daughter isotopes that mimics a
certain age for the material. IRMM is currently developing refer-
ence materials for “age dating” in co-operation with the JRC,
Institute for Transuranium Elements (ITU, Karlsruhe, Germany) by
applying the first two approaches. For a feasibility study, the
reference plutonium materials NBS 946, NBS 947 and NBS 948,
where the date of the last separation is only approximately known,
have been selected for investigation (Jakopic et al., 2011). The re-
sults obtained for NBS 946 are presented in this paper.

In addition to the development of new isotopic reference ma-
terials, IRMM is also supporting the safeguards and measurement
community in providing state-of-the-art reference methods to
detect undeclared nuclear materials and/or activities in compliance
with the Treaty on the non-proliferation of nuclear weapons (NPT}
and the Additional Protocol (INFCIRC 540) {International Atomic
Energy Agency, 1997) in conjunction with the comprehensive
safeguards agreement (INFCIRC 153, corrected). Accurate isotopic
measurement of environmental samples (bulk and particle anal-
ysis) is the most powerful tool to detect undeclared nuclear activ-
ities (Sturm, 2010}. In particular, the uranium andjor plutonium
isotope ratios can be used as “fingerprints” for discriminating be-
tween different origins/sources of contamination. In the case of
plutonium isotopes, the n(240Pu),'n(239Pu) isotope ratio is a good
indicator to distinguish between different types of contamination,
e.g. nuclear power plant accidents, discharges from reprocessing
facilities, nuclear weapon testing, etc. In addition, the n(>*'Pu)/
n(>%Pu) and n(2*2Pu)/n(>Pu) isotope ratios can provide infor-
mation on the production processes of a nuclear material {Jakopic
et al., 2010b). For uranium the so-called major uranium isotope
ratio n(2>*U)/n(***U) gives information about the enrichment level
of nuclear materials, while the isotopic abundance of the so-called
minor uranium isotopes (i.e. 24U and 23U} might be useful to
provide a detailed picture of the activities conducted within nu-
clear installations (e.g. enrichment or reprocessing). Due to the low
amounts of plutonium and uranium in environmental samples and
in sub-micrometre uranium-containing particles, highly sensitive
analytical techniques are neeced to measure isotope ratios accu-
rately, especially the minor abundant isotope ratios {Truyens et al.,
2011). At [RMM, the TIMS technique with Multiple lon Counting
(MIC) has been applied for the analysis of plutonium in soil and
sediment samples as well as for uranium single particle analysis,
MIC enables the simultaneous measurement of all the isotopes of
interest, and is advantageous whenever the sample size is
restricted. In addition, the carburization technique was applied to
the rhenium mass spectrometry filaments to enhance the joniza-
tion efficiency of U and Pu in the TIMS ion source, resulting in more
stable ion beams with higher counting rates for the minor isotopes
(Jakopic et al., 2010b; Kraiem et al,, 2011a,b; Jakopic et al., 2009).

As a result of the continuous exchange between reference lab-
oratories, safeguards laboratories and experts in the field, a new
version of the “madified total evaporation” (MTE} methed for iso-
topic analysis by multi-collector TIMS, with high analytical per-
formance and designed in a more user-friendly and routinely
applicable way, was developed at IRMM, in collaboration with
several “key nuclear mass spectrometry laboratories” worldwide
(NBL, ITU, SGAS-IAEA). MTE is a new tool which is found to he
useful for the accurate measurement of the uranium minor
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abundant isotope ratios in nuclear material, and in combination
with a multi-dynamic measurement procedure, for plutonium in
environmental samples. Since the principle of the “total evapora-
tion” (TE) process is applied to the samples, the measurement of
the major uranium isotope-amount ratio n(>>U)n(>*8U) is
routinely performed with a precision of 0.01-0.02%. Moreover,
with the use of an appropriate CRM comparator for the external
mass bias correction of the major ratio, an accuracy of about
0.02% can be achieved. But the most significant improvement
using MTE is in the analytical performance achieved for the
miner isotope-amount ratios n(>**U)n(**3U) and n(ZSuyn(>*U),
which is superior to the present [AEA requirements. These im-
provements are particularly useful for enabling more detailed
conclusions from the analytical results for the source attribution of
nuclear material in environmental samples. This method is now
routinely used at all collaborating laboratories, and it is requested
to be implernented by other expert nuclear laboratories in the field
of nuclear safeguards and geochemistry (Richter et al., 2011),

2. Experimental
2.1. Preparation of the blends and chemical treatment of Pu

As part of an inter-calibration campaign, blend mixtures for
IDMS analyses were prepared by substitution weighing. IRMM-082
and IRMM-086 (*3°Pu) were inter-linked with IRMM-048b (*¥Pu)
and IRMM-083 (**°Pu) spikes, while IRMM-042a (**'Pu) with
IRMM-049d (**?Pu), IRMM-083 (?*°Pu) and an external quality
control solution Eqrain-11 as shown in Fig. 1. The blend mixtures
were evaporated to near dryness and the residue was dissolved in
2 M HNOs. A redox cycle was done in which plutonium was first
reduced to Pu(Ill) by addition of 1.25 M FeCl; and 1 M NH30H-HCl
and then oxidised to Pu(IV) by addition of 1 M NaNO,. Finally,
concentrated nitric acid was added to obtain Pu(IV) in 8 M HNOs.
The separation of Pu was accomplished by passing the sample
through a preconditioned anion-exchange column (Bio-Rad AG1-
X4, 100—200 mesh). The column was washed with 8 M HNQ; and
finally, Pu eluted with 0.35 M HNOs and evaporated to near dryness
{Jakopic et al., 2010a). The residue was re-dissolved in 1 M HNO3
and was loaded onto a pre-degassed zone-refined rhenium double
filaments for isotopic measurement on Triton (Thermo Fisher Sci-
entific, Bremen, Germany) TIMS multi-collector instrument. The
isotopic measurements were performed in the total evaporation
(TE) mode (Richter and Goldberg, 2003). The isotopic reference

<sp> [ 1
1 ! 230
| RMM-042a e Pu
1 {#py) 1 Egrain-11
| F 1
cTTTTTTTN
1
IRMM-042a 1 IRMM-049d
IRMM-083 1 >
Py | (*Pu) . (*Pu)
! 1
IRMM-083 IRMM-082 IRVIM-049b
Py #*Pu) #°Pu)
., IRMM-086 IRMM-043b
IRMM-083 <
Py *Pu) (*2pu)

Fig. 1. Inter-calibration scheme of IRMM Pu spike CRMs and Eqrain-11.
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material IRMM-290/A3 was selected as a comparator to correct the
measured isotopic ratios for mass fractionation effects.

2.2. Chemical treatment of NBS 946 for “age” determination
measurements

NBS-946 (PuS04.4H30) is a fuel grade material with an isotopic
composition of 0.19% 2*8Pu, 86.08% 2*°Pu, 12.51% #*°Pu, 0.64% 2*'Pu
and 0.58% 242Pu (2010). The sample solution was prepared by dis-
solving the plutonium sulphate in concentrated nitric acid while
careful heating on a hot plate inside a glove box. The final sample
solution was prepared in 5 M HNOa,

Aliquots of this sample solution were spiked with 2*3U spike
(IRMM-3630) and ?*?pu spike (IRMM-049c¢), respectively, for the
amount content determination of uranium and plutenium by
isotope dilution mass spectrometry (IDMS). Tn addition, an aliquot
of the un-spiked sample solution was also analysed by TIMS for the
determination of the Pu isotopic composition. No additional mea-
surements for the U isotopic abundance were required because
233y s originating only from the IRMM-3630 spike and is not
present in the sample.

The above-mentioned sample alicuots were chemically purified
on anicn exchange and extraction chromatographic columns
{UTEVA) prior to isotope ratio measurements on the Triton TIMS
{Richter and Goldberg, 2003). The procedure for the uranium sep-
aration is shown in Fig. 2. For the separation and purification of
plutonium, anion exchange columns of the same type as mentioned
above (Section 2.1} were used,

3. Results and discussion
3.1, Pu inter-calibration

The Pu amount content in IRMM-086 was determined by IDMS
using two different spikes, IRMM-049b (2*?Pu spike) and IRMM-

083 (?°Pu spike). The certified values of both spike CRMs were
previously verified hy IDMS using the large-sized dried (LSD)

Sample solution

Valence state adjustment (Pu"f)

o

> Am

Y

lon exchange

10 mL 8M HNO3
Valence state adjustment {Pu")
v

UTEVA

10 mL 8M HNG3

e Am, Pu (residues}

16 mL 0.02M HNO;

Fig. 2. The chemical separation of U and Pu for NBS-946 material.
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Fig. 3. Amount concentration of 2**Pu in IRMM-086 compared with the measured values by IDMS (with expanded uncertainties, k — 2).

3,763E-08

3,758E-0%

3,753E-08 | S Sl Il

®  indiidual alues
cenified \alue
- = - ~cerified \aluie + Us (k=2)

- =~ -cenified value - Ut (k=2)

3,748E-08

24Py (mol/g)

3.743E-09

3,T38E-0%

— inean vallue
b - = = mean + Ue (k=2)
- - - mean - Ug k=2)

3,733E-08 T T T
o_244Pul c_244Pu2 c_244Pu3

bland mixtures

¢_244Pu4

©_244Pus ©_244PuB
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spikes, IRMM-1027m and 23*Pu IRMM-081a (Jakopic et al., 2010a).
The IRMM 1027 1SD spikes are a fundamental part of the fissile
material contral of irradiated nuclear fuel. They are prepared and
certified by metrological weighing of uranium and plutonium
metals, and have certified values that are traceable to the Slin the
shortest possible way (Verbruggen et al., 2009). The results for the
verification measurements of [RMM-086 are presented in Fig. 3.
The sclid red line represents the certified value of IRMM-086, the
dotted red line is the expanded uncertainty of the certified value,
and the circles show the measurement results with respective
expanded uncertainties for blends prepared with IRMM-049b and
IRMM-083. The Pu amount content and its uncertainties were
calculated according to ISO GUM (International Organization for
Standardization, 2008). Tt can be seen from Fig. 3 that the results
agree with the certified value within uncertainties. Nevertheless, a
small positive ‘bias’ of about 0.1% from the certified value was
observed.

The Pu amount content in IRMM-042a was determined by IDMS
using IRMM-049¢. The solid red line represents the certified value
of IRMM-042a, the dotted red line the expanded uncertainty of the
certified value and the circles show the measurement results with
respective expanded uncertainties for blends prepared with IRMM-
049d. The mean value is shown with solid black line together with
expanded uncertainty with dotted black line. From Fig. 4 it can be
seen that the certified value from 1986 for IRMM-042a was
confirmed in this inter-calibration exercise within a considerable
simaller uncertainty.

3.2. Pu age determination of NBS 946

The results for the “age” determination of NBS 946 for three
different clocks, 238l’u,/‘B“U. 239Pu/BSU and 24DPw‘BGU are shownin
Table 1 (Jakopic et al., 2011). A good agreement between different
“clocks” has been achieved for the NBS 946 material. The estimated
separation time for NBS 946 of May 1970 seems to be a good fit
taking into consideration that the first certificate for this reference
rnaterial has been issued on March 12, 1971. Taking into account the
time for the characterization and certification until the issuing of
the certificate, a separation around May 1970 appears to be
realistic.

This result proves that it is feasible to develop and characterize a
Pu CRM for ‘age dating’ based on metrological concepts. IRMM is
currently characterizing a set of Pu materials with a relative
abundance of 2*°Pu ranging for “age” from reactor- to fuel- to
weapon-grade. [n parallel, IRMM is currently producing in co-

Table 1
The age of NBS SRM 946G calculated for October 17, 2010 for the 7‘”1’-‘11]”"[],
23925y and *Pu/***U clocks with expanded uncertaintics {k = 2).

“Cloclk” Age [a] Expanded Calculated
uncertainty (k = 2) [a] separation date

Z38py, ?“U 40.35 013 May 1970

Hpy 2y 4043 012

240py 26y 4048 o1
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Fig. 5. Relative uncertainties, expressed with a coverage factor & — 2, for MTE measurements of minor ratios n(2**Uy/n(2U) and r(*25U){n(2*8U) for two different sample loadings
{2.5 mg and 5 mg), using a SEM or a Faraday detector for 25U using Triton TIMS (Richter et al,, 2011),

Table 2
Plutenium isotope ratios measured by TIMS in [AEA 135 and IAEA 3G8.

Sample Method Isotope amount ratio (March 2009)
A4 Pu)in(*%pu) RV Pu)n(**Pu) n(**2Pu)n(>*pu)
IAEA 135 TIMS {SM) 0.2128 + 0.0010 0.00793 + 0.00099 0.0081 = 0.0010
TIMS {MD) 0.2129 + 0.0005 0.00751 + 0.00004 0.00713 = 0.00004
IAEA 368 TIMS {SM) 0.0347 + 0.0003 0.00058 + 0.00053 0.00086 + 0.00056

TIMS {MD) 0.0342 + 0.0001

0.00021 + 0.00003 0.00033 = 0.00009

operation with ITU one plutonium and one uranium material
certified for separation date and confirmed completeness of sepa-
ration (“clock” set to zero).

3.3. Reference measurements using TIMS in combination with MIC
and filament carburization for environmental and nuclear sampies

The performance of the modified total evaperation (MTE)
technique for the minor uranium isotope ratios n(?>*U)/n(***U) and
n{2*%Uy/n(?8U) is shown in Fig, 5. All ratios below about 3 x 10~3
are measured using the Secondary Electron Multiplier (SEM) de-
tector; all ratios above this limit were measured using Faraday cups
only. Fig. 5 shows the expanded uncertainties with a coverage
factor of k = 2, corresponding to a level of confidence of about 95%,
Starting from the lowest value of the n(BGU),'n(BgU) ratio, the
relative uncertainties decrease with increasing ratio as expected
from counting statistics considerations. For n(>*%U)/n(**8U) ratios
ranging between 10~ and 10", the uncertainties are found to be
relatively constant at a level of about 0.3%, which is ascribable to the
constant uncertainty contributions stemming from the SEM related
corrections like non-linearity correction. Above a ratio of 107>, the
relative uncertainties decrease again until the ratio of 1072 is
reached where the major uncertainty component becomes the
uncertainty associated with the mass fractionation correction using
the major isotope ratio 11(235U}/n(238U), Fig. 5 also shows calculated
regression lines for the observed uncertainties in “classical” total
evaporation (TE) measurements performed on a Triton (250 ng
sample loading) and a MAT 262 TIMS instruments (the predecessor
instrument, 250 ng sample loading) at IAEA-SGAS. These TE mea-
surements were performed without ion counting or including peak

108

tailing corrections, therefore the uncertainties are considerably
larger compared to those obtained using the MTE Triton method
even if considering the difference in sample size (Richter et al.,
2011).

For Pu isotope ratio measurements in environmental samples
using the MIC system, the MTE method was successfully combined
with a multi-dynamic (MD) measurement procedure, in this case
for the purpose of eliminating significant drift of the ion counter
efficiencies. Within the same measurement runs, the uncertainties
for the major ratio n(?*°*Pu)/n{?**Pu) were significantly improved
compared to literature values by using the TE principle. The results
for two reference materials IAEA 135 and 1AEA 368 for the n(*"*Pu)/
n(>3%Pu), aCYPw)n(?*Pu) and  a(**2Puln(®*Pu) for mult-
dynamic (MD) and static mode (SM) are shown in Table 2
{Jakopic et al., 2010b).

4. Conclusions

The European Commission is committed to accelerate, simplify,
and modernise standardization procedures in line with the Euro-
pean Council Conclusions of the 4th of February 2011. IRMM quality
control tools are contributing to this standardisation process and to
the technical convergence of nuclear safeguards, nuclear forensics
and nuclear security, Material standards, reference measurements,
performance criteria and conformity assessment are indispensible
tools towards reliable and comparable measurernents results in
fissile material and environmental sample analysis. In particular,
efforts are made by IRMM in the further development of reference
materials and methods for safeguards verification, detection of
undeclared activities and nuclear forensics. The recent IRMM Pu
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CRMs inter-calibration-campaigns, the development of new CRMs
and the launch of inter-laboratory comparisons {e.g. REIMEP-17,
NUSIMEP-8) for measurements of uranium and plutonium
amount content and isotopic abundances in fissile material and
environmental samples, are meeting the needs of EURATOM and
international safeguards authorities, industry and the measure-
ment community. All these achievements in identifying the needs
and priorities for quality control tools in proliferation resistance,
nuclear material and environmental sample analysis are very much
based on the continuous exchange between safeguards authorities,
reference material producers, industry, expert laboratories and
data evaluators via the respective platforms of ESARDA, INMM and
1AEA.
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Abstract

Reliable isotope measurements of nuclear material and the
availability of reference materials with small uncertainties in
the certified values are of great importance for safeguard-
ing of nuclear materials. They provide the basis for a credi-
ble measurement system in the verification of states decla-
rations of their nuclear activities. Worldwide needs for
continued and improved Isolopic Reference Materials
(IRM) are the main reason for developments of new nucle-
ar reference materials at IRMM. Measurament capabilities
of laboratories have evolved considerably over the years,
along with progress in modern analytical technigues.
Some plutonium reference materials, however, have been
on the market for decades and they need to be re-certified
to smalier uncertainties. Moreover, new reference materi-
als with appropriately small unceriainiies in the certified
values need to be made available enabling measurement
laboratories to reduce their combined measurement un-
certainties. Such high quality plutoniurm isotopic reference
malerials are essential for laboratontes striving to meet the
International Target Values for Measurement Unceriainties
in Safeguarding Nuclear Materials (ITVs).

The preparation and the certification of such materials are
demanding and challenging tasks that require state-of-the-
art measurement procedures and equipment. The Institute
for Reference Materials and Measurements (IFMM) has re-
peatedly demonstrated its capabilities in piutonium analy-
sis and represents one of the few institutes that supplies
plutonium IRMs worlawide. An inter-calibration campaign
has been set up at IRMM inter-linking selected plutonium
spike IRMs. In the scope of this compatibility study, new
reference materials have been prepared for Isotope Dilu-
tion Mass Spectrometry (IDMS) in nuclear fuel cycle meas-
urements.

A new series of large-sized dried (LSD) spikes, IRMM-
1027n, has been prepared and certified for plutonium and
uranfum amount content and isclopic composition. These
mixed spikes are applied to measure the uranium and plu-
fonium content of dissolved fuel solutions using IDMS.
They are prepared by IRMM to fulfil the existing require-
ments for refiable spike (RMSs in fissile raterial control from
European Safeguards authorities and customers from
industry.

IRMM-046b, a mixed uranium-plutonium spike IRM of
highly enriched #U and #2Puy that dates from 1995, was
re-certified for isotope amount content and isotopic com-
position, each with considerably smaller combined uncer-
tainties. IRMM-046¢, a new mixed uranium-plutonium
spike, and IRMM-043d, a highly enriched *?Fu spike, have
been prepared. IRMIM-049d was prepared from the same
stock solution as its predecessor IRMM-049c, dating from
19986, but the new *?Pu spike has certified values with
smaller combined uncertainties. The traceabllity of the cer-
tified values to the Si is estabiished through an unbroken
chain of comparisons, all having stated uncertainties.

IRMM is also co-operating with the Institute for Transurani-
um Elements (EC-JRC-ITU) in a feasibility study on the de-
vefopment of Pu reference materials for “age dating” in nu-
clear forensics. In the course of this work, the reference
materials NBS SAM 946, 947 and 948 (NBL CRM 136, 137
and 138) will be investigated among cthers.

Keywords: plutonium; spike isolopic reference materials;
IDMS, traceability.

1. Introduction

Confidence in comparability and reliability of measurement
results in nuclear material analysis is established via refer-
ence materials, reference measurements and inter-labera-
tory comparisons. They provide the basis for a strong veri-
fication system to safeguard nuclear activities in line with
the Treaty on the Non-Proliferation of Nuclear Weapons
(NPT) and the Euratom Treaty, including the respective im-
plementing regulations, such as the Comprehensive Safe-
guards Agreements (INFCIRC 153, corrected) [1], the
Additional Protocol (INFCIRC 540) [2] or the European
Commission’s Regulation on the application of Euratom
Safeguards (No 302/2005).

The Institute for Reference Materials and Measurements
(IRMM) is one of the leading institutes worldwide that de-
velops and certifies nuclear reference materials to fulfil the
existing reguirements for reliable certified reference materi-
als {CRMs} in fissile material accountancy. Worldwide
needs and advancements in analytical technigues over the
last decade have led to more stringent requirements for
laboratory performance in nuclear material accountancy.
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The International Target Values for Measurement Uncer-
tainties in Safeguarding Nuclear Materials {ITVs) are “un-
certainties to be considered in judging the reliability of ana-
lytical techniques applied to industrial nuclear and fissile
material that are subject to safeguards’ verification” [3].
The IAEA took over the concept of [TVs in the early 1990°s
from the ESARDA Working Group on Standards and Tech-
niques for Destructive Analysis (WGDA). During 2010, the
ITVs were revisited by the IAEA, ESARDA, INMM and other
expert groups and published as ITV2010 in November
2010. They are intended to be used by plant operators and
safeguards organizations, as a reference of the quality
of state-of-practice measurements achievable in nuclear
material accountancy.

Some nuclear CRMs were approaching exhaustion; there-
fore a programme has been set up at IRMM to replace
these materials. Two new nuclear materials, IRMM-046¢
and IRMM-049d, used in nuclear material analysis by
IDMS, have been prepared. The certification of these new
CRMs was part of an IRMM compatibility study inter-link-
ing various plutonium spike CRMs on a metrological basis,
applying state-of-the art measurement procedures [4]. Fur-
thermore, IRMM prepares and certifies on a reqular basis
IRMM-1027 large-sized dried (LSD} spikes which are ap-
plied for the analysis of spent fuel sclution at reprocessing
plants.

IRMM is also engaged in a feasibility study for the develop-
ment of plutonium reference materials for age dating, to be
used for method validation purposes in nuclear forensics
applications. The "age” of a nuclear material is defined as
the time that has passed since the last chemical separa-
tion of the mother and daughter isotopes. Different
“clocks” (pairs of mother and daughter radionuclides) can
be used for the determination of the unknown age of a
material. In the case of plutonium, the isotope pairs
2P/ AmM, ZEPYA3AL, 229Py /2L, 240Py 2L, and, possibly,
242Pu/238U can be used as “clocks”. Some preliminary
results for NBS SEM 846 will be presented here.

2. Need for new nuclear CRMs

The accurate verification of the plutonium and uranium
amount contents in nuclear materials requires the continu-
ous supply of well certified spike IRMs. The worldwide de-
mands for certified spike materials have evolved consider-
ably over the years, leading to the development of new
plutonium and uranium reference materials with smaller
uncertainties in the certified values.

A new certificate for IRMM-046b, a mixed uranium-pluto-
nium spike of highly enriched #*U and *?Pu, was issued in
2010 for isotope amount content and isotopic composi-
tion, each with considerably smaller combined uncertain-
ties than in the previous certificate from 1995, In addition,
to guarantes future provision of these valuable spike mate-

rials to the nuclear measurement community, IRMM-042d,
a highly enriched **Pu spike, has been prepared and cer-
tified by IDMS and another mixed uranium-plutonium
spike, IRMM-046c¢, s currently in preparation. For the
measurement of plutonium, the isotope #?Pu is valuable as
a spike because this isotope is usually found only as a mi-
nor component of plutonium in the nuclear fuel cycle.

The isotopic reference material IRMM-1027 series have
been used for the measurement of Pu and U amount con-
tent in dissolved fuel soluticn for some 20 years. They are
designed for fissile material accountancy by Euratom Safe-
guards authorities at cn-site laborateries at La Hague and
Sellafield. A new set of IRMM-1027 LSD spikes, containing
about 50 mg of uranium and about 1.8 mg of plutonium,
was prepared and certified for plutonium and uranium
amount content and isotopic abundance. The amount
content of the spikes is such that no dilution of a typical
sample of dissclved fuel from a reprocessing facility is
needed before the measurement by IDMS. The prepara-
tion and the certification of the new batch, IRMM-1027n,
are discussed in more detall in the certification report [5].

3. Experimental
3.1. Preparation of IRMM-1027n

High purity metals were chosen as starting materials for
the IRMM-1027 LSD series. Plutonium MP2 metal (98 %
#32Py) from Cetama, natural uranium (EC NRM 101) and
highly enriched 23U metal (NBL CRM-116) were dissolved
in concentrated nitric acid in a 3 L leng-necked borosili-
cate flask.

Approximately 1200 units were dispensed into penicillin vi-
als using a validated automated system. The sclution in
each vial was dried down and then covered with a light
layer of an organic polymer, cellulose acetate butyrate
(CAB), as stabiliser during storage and transport [5, 6].

3.2. Preparation of IRMM-04¢d and IRMM-046¢

For the preparation of the IRMM-049d spike reference ma-
terial, a stock solution was made by dissolving ,,,Pu metal
in 5 molL' nitric acid. This stock solution was purified from
the daughter products and other impurities by anion ex-
change. The eluted Pu fraction was evaporated to dryness
and dissolved in 5 molL' nitric acid to obtain a 10 mg Pu
per g solution. From that purified Pu solution, a fraction
was taken and diluted with 5 mol-L! nitric acid to obtain the
final concentration of #?Pu of 0.1 mg Pu per g solution.

For preparation of the mixed plutonium-uranium IRMM-
046¢ spike, U metal was dissclved in 8 molL! nitric acid
and purified by anion exchange. The uranium fraction was
eluted with 8 mol-L" nitric acid and evaporated to dryness.
A fraction of a 10 mg Pu per g solution, already used for
the preparation of IRMM-048d, was added to uranium and
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diluted with 8 molL' nitric acid. The final concentration of
2Py was 0.1 mg Pu per g solution and of U 1 mg per g
solution.

Different steps of the preparation of IRMM-049d and
IBRMM-046¢ isotopic reference materials are shown in
Figure 1.

3.3. Isotope measurements by Thermal lonisation
Mass Spectrometry (TIMS)

Isotope Dilution Mass Spectrometry (IDMS) was applied
for the measurements of the plutonium and uranium
amount contents. This is a reliable analytical technique
and widely used in nuclear safeguards, especially when
high quality results with small measurement uncertainties
are needed.

Prior to mass spectrometry, a chemical procedure using
anion exchange was applied [4]. The purified fractions of
uranium and plutonium were pregared in 1 molL! nitric
acid and loaded on a Re filament. The isotopic ratios of
uranium and plutonium were measured on a Triton TIMS
{Thermo Fischer Scientific) using the total evaporation
technique [7, 8]. With the total evaporation technique, the
measurement is continued until the sample is exhausted.
This is done in order to minimize mass fractionation ef-
fects. The mass spectrometers were calibrated for mass
fractionation by measuring IRMM-074/10 uranium and
IRMM-290A/3 plutonium isctopic reference materials.

U metal

l Dissolution

Anion exchange

“py metal
Dissolution
Valency adjustment
Anion exchange

l 0.35 mol<L™" HNOa l 8 molzL” HNOs

Pu fraction U fraction
1% gilution
. ‘ fraction
*py N Dilution
10 mg-:;-g" "
2™ dilution
Y
7py #2py 0.1 mgog”
0.1 mg"‘sg'1 23 1 mgog”
Ampouling Ampouling
v
IRMM-049d IRMM-046c
IDMS IDMS
r
Certification Certification

Figure 1: The flowchart for the preparation of IRMM-049d and
IRMM-048c.

4. Results and Discussion
4.1. IRMM-1027n

The certification of the 1027 LSD series is done by gravim-
etry. This allows the isotopic contents of the LSD spike to
be certified based on the certificates of the metals (chemi-
cal purity and isctopic abundance), the masses of the met-
als and the solution. As a result the certified values of the
uranium and plutonium isotopic contents have small un-
certainties. In addition, the certified values of amount con-
tents and isotopic compasition are verified by IDMS. With
this approach, IRMM provides high-quality isotopic refer-
ence materials to the nuclear measurement community
applying two independent “primary” methods for certifica-
tion and verification, underpinning the confidence in the
certified values.

The U amount content of 1027n was therefore certified
based on the values from mass metrology of the validated
automated system. From the eleven measuremeants used
to assess the homogeneity of the whole series (1200
units), four were selected at random to verify the U amount
content by IDMS [5]. The results of the verification meas-
urements are shown in Figure 2. The IDMS measurement
results agreed well with the values for uranium amount
content calculated from the amounts of dissclved metals
and solution.

The situation was different in the case of plutonium. After
applying the same procedure during preparation of the
stock solution as in previous batches of the IRMM-1027
series it was found that the Pu metal did not dissclve com-
pletely. A fine white deposit was observed, even after sev-
eral weeks of a continuous dissolution process. Taking into
account the limited supply of plutonium metal and that
IRMM has a long record of demonstrated measurement
capabilities in plutonium analysis; it was decided not to
discard the batch solution. The uranium metals were add-
ed to the solution and after homogenisation, filtered
through a separation column [4]. Due to this incomplete
dissolution of the MP2 Pu metal a deviation of about
-1.2 % from the gravimetric value for the Pu amount con-
tent was observed. It was decided to certify the plutonium
amount content by IDMS applying Thermal lonisation
Mass Spectrometry. IDMS can be regarded in this case as
a "primary” measurement method, which has proven to
provide accurate results for previcus batches of the IRMM-
1027 series. The recently certified uranium-plutonium
IRMM-046b CEM was used as a spike for the IDMS, link-
ing the certification for Pu amount content of IRMM-1027n
to the IRMM compatibility study on selected Pu spikes [4].
The certified value for the #**Pu amount content was cal-
culated as the mean value of the certification measure-
ments and is 2.791 3 (12) 10 mol-g™ [5]. The results for the
plutcnium amount content are also traceable to the Sl via
MP2 but with two additional steps in the traceability chain
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Figure 2: Amount content of “*1J in IRMM-1027n (from the masses of metals and solution) compared with the measured values by IDMS

(with expanded uncertainties, k=2).

IRMM-1027n - via IRMM-046b — via IRMM-1027m {and
verified by Eqgrain-11) — via MP2 to SI [4]. The Pu amount
content in IRMM-1027m was certified by gravimetry via
MPZ. IRMM-1027m was then used for the re-certification
of the IRMM-046b spike reference material by IDMS. Final-
ly, IRMM-1027n was certified by IDMS via the newly certi-
fied IRMM-048b. In addition, IRMM-046b was alsc suc-

cessfully used as spike reference material for the
determination of the plutonium amount content of the ex-
ternal quality control Eqrain-11 certified test sample. In the
framework of the ongoing support task EC A 1806, Verifi-
cation of mixed U-Pu Spikes, between IRMM, IAEA and
ITU additicnal verification measurements of IRMM-1027n
will be available in the near future.
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Figure 3: Amount content of #*Pu in IRMM-1027n (from the masses of metals and solution) compared with the measured values by

IDMS {with expanded uncertainties, k=2).
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The individual IDMS results together with the certified val-
ue are shown in Figure 3.

4.2. IRMM-049d, IRMM-046b and IRMM-046¢

IRMM produces and maintains sclutions of enriched urani-
um and plutonium isotopes designed for mass-spectro-
metric isotope dilution measurements of nuclear materials.
They are part of a systematic IRMM programme to supply
various nuclear reference materials at different concentra-
tions.

To replace exhausted stocks of CRMs used for isctope di-
lution mass spectrometry, IRMM prepared and certified
IRMM-046¢, a new mixed uranium-plutonium spike, and
IRMM-049d, a highly enriched #*?Pu spike. Both of these
new Pu CRMs have a similar certified value as its prede-
cessor, but with considerably smaller combined uncertain-
ties. Advancements and development of state-of-the-art
mass spectrometric techniques and instrumentation over
the years resulted in a reduction in measurement uncer-
tainty by a factor of 3 or more. Table 1 illustrates this
achievement, comparing the relative expanded uncertain-
ties of various IRMM CRMs.

Rel Uc {k=2) in %

Year of 22py 23
certification
old 1995 0.15 0.15
IRMM-048b
recertified 2010 0.039 0.021
IRMM-046h
IRMM-048¢ 2011 ongoing
{indicative
values)
IRMM-049 1989 0.15
{exhausted)
IRMM-048c 1996 0.13
IRMM-049b 1998 0.087
IRMM-049d 2011 0.049

Table 1: Relative expanded uncertainties of selected spike iso-
topic reference materials,

4.3 External plutonium inter-laboratory comparison
programme Eqrain-11

Egrain is the inter-laboratery comparison programme or-
ganised at regular intervals for the analysis of uranium and
plutonium by CETAMA (Commission d’ETAblissement des
Méthodes d'’Analyse du CEA). The certified test samples of
Eqgrain-11 consisted of three plutonium nitrate solutions
(M28, M57 and M107) with undisclosed values for Pu
amount content.

IRMM linked the participation in Egrain-11 to an inter-cali-
bration campaign by determining the plutonium isotope
content, applying IDMS using various selected spikes, and
to the certification of IRMM-046b, IRMM-046¢ and IRMM-
049d. The aim of the campaign was to check the guality of
various selected spikes and to demonstrate IRMM's meas-
urement capabilities for plutonium measurement via exter-
nal quality tools. The results reported by IRMM were in ex-
cellent agreement with the reference value provided by
CETAMA [4]. Egrain-11 is still ongoing; therefore the pluto-
nium amount content and the reference values are not dis-
closed in this paper. As an example, the IDMS measure-
ment results for sample M107, normalised to the Eqgrain-11
reference value, are shown in Figure 4.

4.4 Preliminary results of NBS SRN-946 for “age”
dating

To resolve the current lack of nuclear reference materials
certified for their separation date needed in nuclear foren-
sics, several plutonium materials with different isotopic
compositions and production dates are being character-
ized at IRMM in the course of a feasibility study for refer-
ence materials for nuclear age dating. The results for three
of the plutonium-uranium “clocks” for NBS SRM 946 - a
plutonium reference material certified for isotopic compo-
sition — are shown in Figure 5. These measurements were
performed by TIMS applying IDMS. The ages derived from
these three different mother-daughter isotope systems
(##Pu/U, 7#2Pu/?eEl and “PPu/”¢L) do not differ signifi-
cantly from each other.

5. Conclusions

The prime objective of the IRMM is to build confidence in
the comparability of measurements by the production and
digsemination of internationally accepted quality assurance
tools, including high-quality certified reference materials. A
new series of LSD spikes for IDMS determinations of ura-
nium and plutonium content in solutions of spent nuclear
fuel from reprocessing plants has been prepared. The ura-
nium content was certified tased on gravimetry and suc-
cessfully verified by IDMS on individual vials. Plutonium
was certified by IDMS via a recently recertified IRMM-
046b spike reference material.

New isotopic reference materials IRMM-046b and IRMM-
046¢, mixed uranium-plutonium, and IRMMO49d, highly
enriched in ##Pu, were prepared and certified for amount
content by IDMS. These materials were prepared in the
framework of IRMM's programme to supply various spike
isotopic reference materials at different concentrations to
the nuclear safeguards and nuclear material measurement
community.

Furthermcre, IRMM has successfully demonstrated Pu
measurement capabilities via external quality tools by par-
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Figure 4: Normalised amount content of #*#Pu in Egrain-11 M107 sample compared with the measured values by IDMS (with expanded
uncertainties, k=2).

ticipation in Egrain-11, applying IDMS and using various ESARDA Working Group on Standards and Technigues for
selected Pu spike reference materials. With the develop- Destructive Analysis (WGDA).

ment of new plutonium spike isotopic reference materials,

IRMM significantly contributes to the availability of these References

materials in the future. IRMM is regularly exchanging views
[1] The structure and content of agreements between the agency and

with the customers and users of Pu reference materials on states required in connection with the Treaty on non-proliferation of
further needs and developments, using fora such as nuclear weapons, INFCIRC 153 (corrected), Vienna, June 1972.
40,6
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Figure 5: Age in years of NBS SBM 846 (calculated for 17 October 2010) for the “clocks” ¥ Pu/2*U, *#Pu/~ and #Pu/2*U with
expanded uncertainties (k=2).
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Abstract

Nuclear safeguards are measures to verify that states com-
ply with their international obligations (Non-Froliferation
Treaty and Euratom Treaty) fo refrain from using nuclear
materials for the development of nuclear weapons, but
using it solely in the peaceful civil nuclear fuel cycle...

Destruciive Analyses (DA) of nuclear material and of envi-
ronmental samples collected inside and in the vicinity of
nuclear facilities are a key strategy among other comple-
mentary measures applied in nuclear material accountan-
cy, control and verification. A great variety of analytical
methods is used in order obtain the desired information
from a given sample. The chosen method must be appli-
cable to meet the requirements pre-defined by nuclear
safeguards. Analytical methods for DA of bulk samples of
nuciear malerial as well as for the assay of single particles
found on swipe samples are presented in this paper.
Furthermore the drawbacks and benefits of DA for nuclear
safequard purposes are discussed along with considera-
tions concerning the choice of the appropriate analytical
method, including the use of quality control fools.

Keywords: destructive analysis; nuclear material; safe-
guards; bulk sample; environmental sample.

1. Introduction

The main task of nuclear safeguards is the timely dstection
of a diversion of nuclear material from declared nuclear
facilities, the timely detection of misuse of a declared nuclear
plant for non-peaceful purposes, and the detection of unde-
clared nuclear materials and activities. Nuclear activities are
proliferation sensitive If they can lead to weapon-usable ma-
terial, namely plutonium and highly enriched uranium. Nucle-
ar safeguards under comprehensive safeguards agreements
(CSA) of the Non-Proliferation Treaty (NPT) cover, therefore,
conversion, enrichment and fuel fabricaticn facilities as well
as reactors, critical assemblies, spent fuel storage facilities
and repracessing plants. The Additional Protocol {AP) of the
Non-Proliferation Treaty extends the safeguards coverage
also to uranium ore mines, uranium ore concentration facili-
ties and heavy water production. Nuclear facllities within the
EU are safeguarded by the nuclear safeguard inspectors of
both IAEA and Euratom. The IAEA inspectors operate ac-

cording to the comprehensive safeguards agreements of the
NPT while Euratom inspectors operate according to the
Euratom Treaty. Euratom and IAEA inspectors cooperate, for
instance, in the usé of equipment, research and develop-
ment and have joint team inspections. Nuclear plant
designers must consider safeguards at an early design stage
and make provisions that the facility can be effectively safe-
guarded. In addition to providing design and process flow
information, the operator must keep complete and coherent
accounting records and report any changes on the inventory
i.e., for shipments, receipts, processing and storage. Inspec-
tors verify operator’s declarations via independent measure-
ments applying destructive (DA) and non destructive (NDA)
methods as well as by placing safeguards monitoring, sur-
veillance and seals systems. A proper implemented inspec-
tion scheme needs to meet the three safeguards goals of
“significant quantity”, “timeliness of detection” and “dstec-
tion probability”. They determine the number of items to be
verified. The common basis for safeguards system design
under the NPT and the Euratom Treaty is to choose the
number of items to be verified in such a way that the target-
ed probabilities for risk of ‘false alarm’ and ‘non detection’ of
a diversion of a defined quantity of nuclear material within
characteristic time are met: for example ensuring the detec-
tion of removal of 8 kg plutonium within one month with a
detection probability of 95%. The three safeguards goals are
defined in similar ways by both Euratom Treaty and NPT,
Key materials such as spent fuel solutions, plutonium nitrate,
plutonium oxide, uranylnitrate, uranium cxide, mixed (plutoni-
um and uranium) oxide (MOX) and uranylhexafluoride are
routinely sampled for destructive bulk analysis according to
the nuclear inspection scheme.

Up to the early 90s only the declarations made by the
operator of the nuclear facility could be verified for their
correctness in compliance with the NPT, Assurance of the
absence of undeclared nuclear material (completeness)
was not part of the safeguards authorities” mandate. Trig-
gered by the discovery of the clandesting nuclear weap-
ons pregramme of Irag in 1991 and first appearances of
the new phenomenon of illicit trafficking of nuclear material
in the 1990s, the Additional Protocol of the NPT was
approved by the IAEA’s Board of Governors in May 1997. It
enabled among other improvements complementary
access for IAEA insgectors to all installations of the nuclear
fuel cycle including mines and concentration plants, as well
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as to related research and development facilities, even on
short notice. Metheds for remote sampling of gases to de-
tect uranium enrichment and plutonium separation facili-
ties are still under development while destructive analysis
of environmental swipe samples is already part of the rou-
tine safeguards protocol. Particularly, data obtained by sin-
gle particle analysis from swipe samples are a powerful
safeguards tool providing information on history and origin
of the nuclear material [1].

Destructive analysis {DA) is a key tool for safeguards in ad-
dition to surveillance, seals and non-destructive analysis
(NDA). DA is defined as measurements introducing a sig-
nificant change to the batch of material: The sample alig-
uot taken from the batch for measurement is subsequently
not returned to the batch. DA is applied when accurate
measurement results with small measurement uncertain-
ties are required. The performance of the analytical meth-
ods applied has to provide analytical measurement results
that meet the International Target Values for Measurement
Uncertainties in Safeguarding Nuclear Materials [2]. Safe-
guards laboratories can be located and cperated on-site
or samples can be sent for analysis to qualified off-site lab-
oratories. In the field of nuclear material and environmental
destructive sample analysis safeguards authorities work
with a network of analytical laboratories to check correct-
ness and completeness of declarations. Physical verifica-
tion measurements of fissile material are carried out at the
on-site laboratories at the European reprocessing plants in
La Hague (F) and Sellafield (UK). Furthermore DA is the
strategy of cheice for special samples in terms of isotope
compaosition, sample matrix or concentration and for non-
routine analysis such as nuclear forensic investigations.

2. Routine bulk samples

In arder to check the correctness and completeness of the
declarations made by the operator concerning the facility’s
material balance, representative aliquots of plutonium and/
or uranium containing material are taken by the safeguards
inspectors. These samples are called bulk samples. The
quantitative content of plutonium and/or uranium as well
as their isotopic composition (enrichment) is of safeguard’s
interest [3]. Some techniques such as K-edge densitome-
try (KED) and X-ray fluorescence (XRF) can be applied for
destructive as well as in non-destructive analysis depend-
ing on whether the sample is returned to the batch after
analysis or not [4].

2.1. Frequently applied DA techniques for elemental
assay in bulk samples

2.1.1. Isotope Dilution Mass Spectrometry

Isotope dilution mass spectrometry (IDMS) is based on the
addition of a known amount of a “spike” to a known amount
of the dissolved sample. This “spike” is an enriched isotope

solution; its addition to the sample solution leads to a
change in the isotope ratio [5]. The isotope ratios in the
spiked sample solution and the un-spiked sample sclution
are measured by mass spectromeatry while the isotopic
composition of the spike can be obtained form the refer-
ence material certificate [6]. In case of absence of the iso-
tope used for spiking in the un-spiked sample a separate
measurement of the un-spiked sample is not necessary [7].
The elemental concentration in the sample can be calculat-
ed using the known {weighed) amounts of sample and spike
as well as the isotopic compositions mentioned above.
242Py, BH4Py, 2¥9Py, #9Py are often used as spikes for plutoni-
um assays [5] while for IDMS measurements of Uranium
mainly *#*U and to a smaller extend **U and ***U are used
as spikes [7]. The mass spectromestric method routinely
used for the measurement of the isotope ratios is thermal
ionization mass spectrometry (TIMS) as applied in the labo-
ratory shown in Figure 1. Recently laboratories applying
multi collector inductively coupled plasma mass spectrome-
try (MC-ICP-MS) have demonstrated via participation in
interlaberatory comparisons that their measurement per-
formance is comparable to TIMS [8]. Depending on the
mass spectrometric measurement technique, e.g. total
evaporation, and on the certified spike isotopic reference
material used, relative expanded uncertainties for IDMS in
the range of 0.025% to 0.1% can be achieved [2-11].

21.2. X-Ray Fluorescence

X-ray fluorescence (XRF) is used to measure the elemental
caoncentrations of plutonium and uranium of sclutions [4].
In order to generate fluorescent X-rays in the sample ma-
trix, the sample is irradiated with X-rays emitted from an
X-ray tube or radicactive source. The X-rays subsequently
emitted by the sample are detected [13]. Either ratios of
uranium and plutonium such as Pu/Pu+U [14] or absolute
concentrations of plutonium and uranium are measured.
The latter requires instrument calibration with suitable
standards. Relative expanded measurement uncertainties

Figure 1: Nuclear mass spectrometry laboratory at IRMM (picture
courtesy of IRMM) [12].
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of about 0.5% have been demonstrated [7]. XRF is also
applied {in combination with hybrid K-edge densitometry)
for the measurement of solutions in the reprocessing facili-
ty in La Hague [4]. Additionally, XRF has also shown poten-
tial for the determination of metal impurities in nuclear ma-
terials such as U,O, [15].

2.1.3. Titration

The concentrations of plutonium and uranium can also be
determined by titration.

The Davies and Gray potentiometric titration method is the
most widely used titration method for uranium [16]. U(IV} is
titrated with potassium dichromate after reduction of U(V1}
to U(IV). The reduction step is necessary because uranium
is mostly present as U(V) in nitric acid sample solutions.
This method is widely used by plant operators as well as in
safeguards analytical laboratories. Both Davies and Gray
titration and isotope dilution mass spectrometry methods
have comparable levels of accuracy for the determination
of pure uranium materials. Higher uncertainties must be
expected for mixed oxides containing uranium and pluto-
nium [17].

Plutonium can also be determined by potentiometric titra-
tion. First the plutonium is oxidised to Pu(Vl) with argentic
oxide in nitric acid solution; the excess of the argentic ox-
ide is removed with sulphamic acid. Then a weighed
amount of Fe{ll) is added. Fe (ll} subsequently reacts with
Pu{Vl). The excess of Fe (ll) then is titrated potentiometri-
cally with a standard potassium dichromate solution. This
method can alsc be applied to nitrate solutions containing
a large amount of uranium. The coefficient of variation is
usually better than 0.2% [18].

2.1.4. K-Edge Densitometry

K-edge densitometry (KED) is suitable for the determina-
tion of uranium and plutonium concentrations in sclutions.
When both elements are present in the same sample solu-
tion, however, the K-edge densitometry measurement
should be combined with K-edge X-ray fluorescence den-
sitometry (K-XRF) in order to take interferences caused by
K-absorption edges in the same energy region into ac-
count.

For a KED measurement the sample solution is transferred
in a vessel with defined path length and passed through
by a highly colimated X-ray beam. The x-ray transmission
is measured as a function of energy in critical energy re-
gions (K-edges). Volume concentraticns from 25 g/L to ap-
proximately 400 g/L of uranium or plutenium can be ob-
tained using calibration curves. In order to transform the
measured volume concentrations (g/L) to mass concentra-
tions (g/g) the density of the sample solution must be
known [7]. An example for K-edge densitemetry in fuel ma-
terial can be viewed in [19].

2.1.5. Gravimetric assay

Gravimetric assays of plutonium or uranium are primary
measurement methods with high precision and accuracy.
The weighing form of uranium for the assay is U.O,, pro-
duced by ignition of uranyl nitrate at about 1000°C. The
applied ignition temperature and elemental impurities such
as calcium and phosphorus can lead to deviations of the
stoichiometry of U0, due to formation of complexes such
as uranates. These effects must be considered. Impurities
can for instance be measured by GD-MS, SS-MS or
ICP-MS [7]. A gravimetric determination of uranium in ura-
nyl nitrate is described in [20]. There are also gravimetric
methods for the determination of plutonium such as I1SO
method 1ISO 8425:1987 for the determination of plutonium
in pure plutonium nitrate solutions.

2.2. Less frequently applied DA techniques for
elemental assay in bulk samples

2.2.1. Spectrophotometry

Plutonium and uranium concentrations can also be deter-
mined by spectrophotometric methods. Although these
methods are rarely used for nuclear safeguards applica-
ticns, they are simple and fast measurement methods in
process control such as the spectrophotometric determi-
nation of uranium in process streams [21]. The spectro-
photometer measures the absorbance of light that passes
through the sample: A monachremator ensures that the
light has the desired wavelength or a very narrow range of
wavelengths. The light that leaves the monochromator
passes through the sample solution which is placed in a
cuvette with defined length. The absorbance of the light is
a function of the concentration in the sample solution [22].
Such a spectrophotometric technique can also be used for
the assay of plutonium concentrations after solvent extrac-
tion [23].

2.2.2. Coulometry

Coulometry is not frequently applied for routine verification
measurements in nuclear safeguards despite its potential
to provide precise and accurate measurement results [7].
A current is applied to the sample sclution triggering oxi-
dation or reduction of the analyte {uranium or plutonium) to
another valence state. When all of the analyte is trans-
formed a shift in the potential of the working electrode can
be observed marking the endpoint of the titration. The
magnitude of the current and the titraticn time are used to
determine the amount of the analyte in the sample solu-
tion. Given that the velume of the sample solution is known
the concentration can be determined [24]. A method for a
coulometric plutonium assay is described in [25]: Pu{Vl) is
reduced to PuflV}) with help of a ferrous mediator. This
method has a precision better than 0.1% for & mg and
1.2% for 0.1 mg plutonium. [26] describes the determina-
tion of uranium by constant current coulometry based on a
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modified version of the titration method by Davis and Gray
[18]. Measurement results with relative standard uncertain-
ties of 0.1% can be cbtained by coulometry.

2.3. Isotope assay in bulk samples
2.3.1. Thermal lonization Mass Spectrometry

Thermal lonization Mass Spectrometry (TIMS) is the most
commonly used tool for nuclear safeguards to obtain pre-
cise, isotope ratio measurement results of uranium and
plutonium. It is also applied, in combination with the cor-
rect use of certified reference materials, in isotope dilution
assays for the accurate determination of plutonium and
uranium concentrations. A mass spectrum of natural ura-
nium is show in Figure 2.

Micro-gram te nano-gram quantities of the analyte are
loaded as oxides or in agueous chloride or nitrate solu-
tions on a filament (small metal ribbon). In case of liquid
samples an electric current is applied to the filament in or-
der to accelerate the drying process of the sample solution
on the filament [27]. Prior to transferring the sample to the
filament, the filaments are degassed in order to evaporate
contaminants from the surface of the filaments [28]. Addi-
tionally, flaments can be carburized prior to sample load-
ing. As a censeqguence of the formaticn of plutonium or
uranium carbides a larger portion of +1 charged ions and
less oxide species of the analyte are formed, leading to
moaore intense and stable ion beams [29]. The carburisation
technique is used for environmental samples where the
analyte is only present in the pico-gram range [28].

During the measurement the sample is heated to >1600°C
in vacuum and thereby vaporized and partially ionized. The
resulting ion beam is focused by ion optics and split into
beams with specific mass to charge ratios in a magnetic
sector. The ion beams are measured one after another in
case of a single detector instrument in so called peak-
jumping mode. In case of a multi-collector instrument sev-
gral ion beams are measured simultaneously [27]. In order
to decrease the total measurement uncertainty the “total
evaporation method” can be applied. It combines the com-
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Figure 2: Mass Spectrum of Natural Uranium [33].

plete evaporation of the sample with multiple ion collec-
tion: the entire sample Is evaporated and ionised in order
to eliminate measurement bias caused by an increased
amecunt of lighter ions produced in the beginning of the
measurement as well as an increased amount of heavy
ions in the end of the measurement. Traditional TIMS meth-
ods provide for example isotope amount ratios with relative
expanded uncertainties of 0.11-0.14% for samples with
0.50-20.0 mass % of ***U, while the total evaporation
methed lowers uncertainties te 0.039-0.077% for the
same type of samples [30]. The development of the “mod-
ified total evaporation” has recently significantly improved
the measurement performance particularly for the minor
abundant isotopes [31, 32).

2.3.2. Gas Source Mass Spectrometry

Gas source mass spectrometry is mostly applied in enrich-
ment plants. This technique is cnly occasionally used for
nuclear safeguards due to the fact that this type of mass
spectrometer can exclusively measure uranium hexafluo-
ride (UFB) samples. The enrichment of uranium hexafluc-
ride is measured directly after ionisation by electron im-
pact. The resulting ions pass a magnetic sector field before
they are detected with a similar detection system as de-
scribed for TIMS. Prior to the measurement, volatile com-
pounds such as HF (hydrofluoric acid) must be removed.
Milligrams amounts of UF6 are required and the sample
throughput is low since the measurement procedure usu-
ally requires the use of two certified isotopic reference ma-
terials per sample in order to minimize effects such as
drifts, non-linearity and memary effects. Isotope ratios with
relative standard deviations as low as 0.012% can be ob-
tained [34].

2.3.3. Alpha-Spectrometry

Alpha spectrometry is a useful technique for the determi-
nation of alpha-particle emitting radionuclides in environ-
mental and nuclear fuel samples. A major drawback of this
technique is the extensive sample preparation such as
electro disposition after anion exchange purification in
order to produce thin sample layers and remove interfering
elements [35]. Since the resclution of commercially availa-
ble silicium detectors is not sufficient for quantitative analy-
sis of actinides (such as #°Pu, %Py, 2%Pu, #MAm, 255U, 24
and #2U), complex and highly sophisticated computer al-
gorithms need to be used to obtain isotope ratios such as
240Py239Py, Alternatively, high resolution alpha spectrome-
ters can be used. The uncertainties for the determination
of #0Pu/#**Pu with high resolution alpha-particle spectrom-
oters are in the range of 0.4-1.6% [36].

2.4. Combined methods

There are also methods combining different measurement
techniques and principles in order to obtain more informa-
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tion about the sample. Two combined methods are dis-
cussed below.

2.4.1. COMPUCEA

COMPUCEA stands for Combined Procedure for Uranium
Concentration and Enrichment Assay. This compact and
transportable system allows high-accuracy uranium ele-
mental assay and enrichment determination for uranium
oxide powders and pellets from enrichment plants. Conse-
quently transport of radioactive material can be avoided
since COMPUCEA be used on-site. The sample is dis-
solved in nitric acid and the sample solution is subsequent-
Iy measured using L-edge densitometry and passive gam-
ma counting to cbtain the uranium cencentration and the
260 ) enrichment. COMPLUCEA is routinely used for invento-
ry verification at European LEU (low-enriched uranium) fuel
falrication plants [37].

2.4.2. Hybrid K-Edge/K-XRF Densitometry

Hybrid K-edge/K-XRF densitometry (HKED) is a combina-
tion of K-edge densitometry (KED) and X-ray flucrescence
(XRF) measurements (Figure 3). It constitutes an accurate
and reliable method for the determination of the concen-
trations of uranium and plutonium in sample solutions.
HKED is thus often used for nuclear material accountancy
verification in reprocessing plants.

An X-ray generator produces an energy spectrum of
bremsstrahlung photons which are directed through a vial
containing the sample. This X-ray beam passes through
the sample vial of well-defined path-length to a detector
that measures a transmission spectrum using the absorp-
tion edges for the concentration determination. An X-ray
fluorescence detector is placed at a backward angle of
typically 150° relative to the X-ray beam. Concentrations
lower than 50 g/L are covered by the XRF measurement
while KED covers higher concentrations. Combining these
two techniques allows with proper instrument calibration
concentration measurements of uranium and plutonium

K-edge
detector

‘ Sample loading

Figure 3: Hybrid K-Edge/K-XRF Densitometer (picture courtesy
of ITU) [38].

with a combined relative uncertainty of <1% at concentra-
tion levels above 0.5 g/L [4].

3. Environmental and swipe samples

Environmental sampling has become a vital tool of treaty
verification since the legal basis for environmental sam-
pling in nuclear safeguards was enhanced by the Addition-
al Protocol (1997) complementing the Non-Proliferation
Treaty (1868). Provisions for both location specific and
wide-area environmental sampling are included in the Ad-
ditional Protocol [38].

Most environmental samples subject to destructive analy-
sis are so called “swipe samples” taken at nuclear facilities
such as enrichment plants as well as at locations suspect-
ed of undeclared nuclear activities. Dust is taken up with a
cotton cloth by swiping surfaces. Particles and aerosols
are often released when nuclear material is manipulated.
Theses particles can thus be found in many locations in
and possibly arcund a nuclear facility. They “carry” an iso-
topic fingerprint related to the processes in the installation
and the source of the material Swipe samples taken at a
facility that has been operated over a long period can po-
tentially provide additional information about equipment,
plant design, operational parameters and the history of the
facility, because it is difficult to clean up and remove re-
leased particles [40]. The analysis cf environmental sam-
ples for nuclear safeguard purpeses can be divided in bulk
and particle analysis. The result of a bulk analysis applying
similar methods as previously described for bulk analysis
of nuclear material samples is the average isctopic com-
positicn of all particles sampled with the cotton cloth. Sin-
gle particle analysis involves the measurement of singular
individual particles containing for instance sub-pg to pg
amounts of uranium [41, 40].

3.1. Single particle analysis

3.1.1. Secondary lon Mass Spectrometry {SIMS}

Single particle analysis can help to verify the completeness
of records and to unveil undeclared nuclear activities. One
of the most important methods for the measurement of
isctopic ratios of single uranium containing particles (Fig-
ure 4) is Secondary lon Mass Spectrometry (SIMS) [40].
Prior to the measurement the particles are deposited on
carbon disks by liquict phase extraction or vacuum impac-
tion. In order to produce secondary ions originating fram
the sample surface a primary ion beam is focused on the
sample. The secondary ions are separated according to
their mass to charge ratio in a sector field mass spectrom-
eter using a combination of an electrostatic analyzer and a
magnetic analyzer [42].
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A major drawback of SIMS using Small Geometry SIMS in-
struments (SG SIMS) are isobaric interferences reducing
the accuracy of the measurement especially when ratios of
minor uranium isotope are measured, i.e. #*%U/”5U and
224U/2%°, Large Geometry SIMS instruments (LG SIMS)
provide higher mass resolution and ion transmission. Both
LG SIMS and 5G SIMS instruments are based on double
focusing mass spectrometers, but LG SIMS uses a mag-
nelic sector with a larger radius. SIMS measurements can
be automated using ion imaging for fast screening in order
to locate single particles and for measuring the enrichment
of these particles. Thus particles of interest can be located
among large numbers of other particles (Figure 5). The
main limitations of LG-SIMS compared to TIMS are the
necessary hydrogen correction for 235U [40] and difficulties
in measuring plutonium isotopes due to isobaric interfer-
ences from 2#UH on #°Pu and frem *'Am on 'Pu [41].

3.1.2. Fission Track Thermal lonization Mass
Spectrometry

Fission track thermal ionization mass spectrometry (FT TIMS}
is routinely used in nuclear safeguards for the analysis of
single uranium containing particles: The particles from a
swipe sample are deposited onto one or between two
polycarbonate films serving as fission track dstector
[44, 48]. The particle baring film is irradiated by thermal
neutrons in a nuclear reactor. With increased neutron flow,
the detection limit can be lowered. Single particles con-
taining fissile isotopes such as #**U or **Pu are located by
their fission track clusters on the polycarbonate film under
an optical microscope. Each located single particle is then

£

Figure 4: IRMM uranium reference particles (picture courtesy of
IRMM) [47].

transferred to a fllament for isctopic TIMS analysis using a
micro manipulator [44]. A major disadvantage of FT TIMS
compared to SIMS is the time consumed till measurement
results are obtained and the need for a reactor for neutron
activation; thus FT TIMS requires more laboratory resourc-
es. On the other hand TIMS does not require hydrogen
correction for #°U [40].

3.1.3. SEM-EDX/TIMS

SEM-EDX/TIMS stands for a technigue for analysis of sin-
gle uranium and plutonium particles combining scanning
electron microscopy (SEM) with energy dispersive X-ray
spectrometry (EDX) and thermal ionization mass spec-
trometer (TIMS). Uranium containing reference particles
are shown in Figure 4.

The sample particles are first transferred to a graphite
planchet using a vacuum impactor pricr to applying the
SEM-EDX/TIMS technigue. The particles can be fixed on
the graphite by organic coating that is subsequently
removed by evaporation as described in [41]: The particles
deposited on the carbon planchet are analysed with an
EDX spectrometer attached to an SEM in order to find ura-
nium or plutonium containing particles of interest . These
particles are cne by one picked-up using a micro-manipu-
lator in the sample chamber of the SEM. Each particle can
then be directly transferred to a filament for TIMS analysis
similarly to the FT TIMS method. The clear advantage of
SEM-EDX/TIMS over FT TIMS is that it is less time con-
suming and does not require a reactor facility [41].

Another option which is not commonly used yet in nuclear
safeguards is to perform chemical separations on single

38U 160

Figure 5: lon image of uranium reference particles by SIMS
{picture courtesy of ITU) [43].
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particles in order to remove iscbaric interferences for iso-
tope dilution mass spectrometry or isotope ratio assay:
single particles are identified and relocated by SEM-EDX
and chemically separated/spiked prior to the TIMS meas-
urement [41]. This technigue has for instance been used
by the authors of [46] for age determination of single pluto-
nium particles.

3.1.4. Laser Ablation Inductively Coupled Mass
Spectrometry

Laser ablation inductively coupled mass spectrometry
(LA-ICP-MS) has not been implemented as a routine method
for the analysis of single particles in nuclear safeguards
yet. It seems, however, to be a promising technigue offer-
ing rapid and accurate determination of the isotopic com-
position of individual uranium particles [47]. Similarly to
techniques using TIMS, particles of interest have to be
identified befcre the mass spectrometric measurement but
moving single particles to filaments is not necessary: The
surface holding the particles is placed in the laser ablation
chamber of the laser ablation system and a laser beam is
focused on the surface of a single particle. An aerosol is
formed when a laser beam strikes the surface of the sam-
ple. These aerosol particles are transported into the induc-
tively coupled argon plasma by an argon gas flow where
they are atomized and ionized. The ions are separated
accerding to their mass to charge ratio in the mass spec-
trometer either in a quadrupol or in a combination of elec-
trostatic analyser and magnetic sector field. Instruments
deploying the latter principle exist as single and multi
detector instruments (simultanecusly detecting several sig-
nals) while quadrupeal instruments only have a single
detector. Sector field instruments can be operated in high-
er mass resolution (m/Am) than quadrupol instruments.
The authors of [48] developed for instance a method for
the measurement of 234U, 5%, ¥ and 2**U isotopes In
single particles with diameters down to 10 pm. Especially
multi-collector sector field instruments show potential for
the analysis of safeguards related particle samples offering
short analysis time and minimal sample preparation [49).
The accuracy of measurement of the uranium isotope
ratios is limited due to the short transient signals from laser
ablation with prompt signal variations and to potential frag-
mentation rather than vaporization of particles. LA-ICP-MS
measurement performance for a single particle with a size
of about 1 pm or smaller is not yet adequate for routine
safeguards analysis. LA-MC-ICP-MS for particle analysis
is a technique under development that should be further
investigated and improved. Particularly the combination of
multi-collector sector field ICP-MS with femto second
lasers might be promising for particle analysis. Advantage
of LA-MC-ICP-MS is that less complex sample prepara-
tion in combination with shorter time for analysis leads to a
higher potential sample through-put compared to SIMS or
TIMS analysis [47].

4. Benefits and drawbacks of Destructive Analysis

The major benefit of DA in nuclear safeguards clearly lies
in the high quality of the obtained measurement results
that are provided to safeguards autharities. DA is the basis
for a system of accurate measurement results for uranium
and plutonium isotopic compositions and element concen-
trations with small combined uncertainties conform to the
latest standards in nuclear safeguards. State of the art
analytical procedures and measurement techniques in
combination with the correct use of reference materials
and quality control tools establish traceability, reliability and
comparability of measurement results in fissile material
accountancy and environmental sample analysis. There-
fore the availability and development of suitable nuclear
reference materials for method validation and instrument
calibration is a prerequisite [50]. DA methods are the meth-
ods of choice when accurate and reliable measurement
results with uncertainties estimated according to interna-
tional guidelines are required, increasing the confidence in
the conclusions drawn by safeguards authorities [51).

DA is also the strategy of choice for special samples (in
terms of isotope composition, sample matrix cr concentra-
tion), environmental samples and non-routine samples
such as sized material in nuclear forensic investigations:
Whenever nuclear material is discovered in places out of
the regulatory control of nuclear safeguards, nuclear foren-
sic investigations are agplied in addition to traditional fo-
rensics. Nuclear forensics focuses on reconstructing the
origin and the history of the sample. Isotopic and elemen-
tal compositions as well as physical appearance are ana-
lysed. In this way information on the production process,
intended use and age of the material can be obtained [52].
The questions to be answered are similar in case of “foren-
sics” samples and single particles from swipe samples
routinely taken in nuclear facilities. The origin and history
{production process, intended use, age) are also of interest
for these samples. Single particle analysis, however, has to
deal with the added difficulty of very small sample sizes
{pg-range). Highly sensitive and accurate measurement
methods as offered by DA are beneficial to cope with such
small amounts of analytes.

The major drawbacks of DA are that DA is time consuming
and expensive compared to NDA: High investments need
to be made in order to obtain and maintain high precision
analytical instruments. DA technigues may also be more
demanding in terms of operator skills. Both timely delays
until the measurement data are available as well as higher
costs compared to NDA originate partially in the need of
transporting the samples to the safeguards laboratory
where they are analysed: The transport of nuclear samples
is logistically challenging because special licenses are re-
guired and transport regulations are stringent. The disad-
vantages of timely delay as well as costly and logistically
challenging sample transports can partially be overcome
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by measurement campaigns in cn-site laboratories. On-
site laboratories are directly located at the inspected facili-
ties. Euratom operates such on-site laborateries for in-
stance in nuclear reprocessing plants in Cap de La Hague
in France and in Sellafield in the UK [53]. Furthermore com-
bined methods such as COMPUCEA also allow in field-
measurements at nuclear installations.

Another drawback is that for DA analyses aliquots from a
(large) bulk of nuclear material is taken. Conclusions on the
whole bulk of nuclear material are drawn by safeguards
authorities based on accurate measurement results of
these sub-samples under the assumption that these sam-
ples taken by inspectors are representative for the whole
badge. Thus DA also requires a well considered sampling
strategy on the collected samples to be verified by inde-
pendent measurements, which introduces an additional
uncertainty component to the final result.

Furthermore nuclear waste is generated when DA is per-
formed creating additional costs as well as logistic and
environmental considerations concerning treatment, trans-
port and storage. The waste needs to e transformed in a
physical form that is suitable for storage in order to reduce
volume and/or weight: compressing of un-burnable waste,
combustion of burnable waste and evaporation of solvent
in case of liquid waste. It is then eventually transported for
final storage and/or recycling.

4.1. DA or NDA?

DA involves measurement techniques which are carried out
in such a way that the sample being measured is not re-
turned to the batch it was taken from, hence introducing a
significant change. Contrary to DA, NDA can be performed
without changing the physical and/or chemical form of the
sample. Thus by means of NDA equipment installed in a nu-
clear facility the material flow can even be followed and mon-
itored via remote data collection. Radiometric technigues do
not even require the opening of sample containers since the
radiation emitted by the nuclear material is measured. These
radiometric techniques can be subdivided in either be pas-
sive and active measurement techniques. The first measures
radiation produced by spontaneous decay while the latter
measures radiaticn induced by activation of the sample ma-
terial with an external source. The purpose of both DA and
NDA is to measure the concentration (amount) and isotopic
composition (enrichment) of nuclear material. The major
points to be considered when choosing the appropriate
measurement technigue from all the possibilities offered by
both NAD and DA are:

« the required accuracy and selectivity of the measure-
ment method which influences the overall measurement
uncertainty;

¢ the acceptable time delay from sampling until the data

are available which is directly linked to the safeguard
goal of “timeliness of detection”;

« the total cost from sampling till data generation and in-
terpretation including transport issues and waste man-
agement.

Summarising it can be said that the method of choice has
to be suitable for the analyte under investigation and “fit for
purpose” taking into account the available resources., Avail-
ability of analytical instruments and authorised operators
has to be taken in account when deciding not only between
NDA and DA but also when choosing the appropriate meth-
od within NDA and DA methods, respectively [1]. Both DA
and NDA methods have to meet the International Target Val-
ues for Measurement Uncertainties in Safeguarding Nuclear
Materials. The International Target Values are uncertainties
to be considered in judging the reliability of analytical tech-
niques applied to industrial nuclear and fissile material,
which are subject to safeguards verification [2]. DA and NDA
technigues are complementary in providing answers on
specific safeguards questions in fissile material accountan-
cy and environmental analysis. In this light the ESARDA DA
and NDA working grougs are regularly holding joint meet-
ings being a platform of exchange of infarmation on DA and
NDA methods among experts from safeguards authorities,
industry and research organisations.

5. Conclusion

Destructive Analysis is one of many complementary meas-
ures applied in Nuclear Safeguards, which help to monitor
and optimise the successful implementation of the safe-
guard goals as defined in the NPT and the Euratom treaty.
A great variety of analytical methods ensures that the infor-
mation needed to answer specific questions relevant to nu-
clear safeguards can obtained. Different analytical methods
are needed to cope with samples of different sizes, con-
centrations and enrichment as well as chemical and physi-
cal form. DA and NDA supplement each other in this task.
They play, therefore, along with other safeguards strategies
a vital role in promating the peaceful use of nuclear energy
and in counteracting the abuse of nuclear material.
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7. List of abbreviations

AP Additional Protocol of the Non-Prolifera-
tion Treaty

COMPUCEA Combined Procedure for Uranium Con-
centration and Enrichment Assay

DA Destructive Analysis

EDX Energy Dispersive X-ray spectrometry
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EU European Union

Fe Iron

FTTIMS Fission Track Thermal lonization Mass
Spectrometry

GD-MS Glow Discharge Mass Spectrometry

HF Hydrofluoric acid

HKED Hybrid K-Edge/K-XRF Densitometry

IAEA International Atomic Energy Agency

ICP-MS Incductively Coupled Plasma Mass Spec-
trometry

IDMS Isctope Dilution Mass Spectrometry

KED K-Edge Densitometry

LA-ICP-MS Laser Ablation Inductively Coupled
Mass Spectrometry

LEU Low-Enriched Uranium

LG SIMS Large Geometry Secondary len Mass
Spectrometry

MOX Mixed plutonium and uranium Oxide

NDA Non-Destructive Analysis

NPT Nan-Proliferation Treaty

Pu Plutonium

SEM Scanning Electron Microscope

SEM-EDX/TIMS  combination of Scanning Electron Mi-
croscopy, Energy Dispersive X-ray spec-
trametry and Thermal lonization Mass
Spectrometry

SG SIMS Small Geometry Secondary lon Mass
Spectrometry

SIMS Secondary lon Mass Spectrometry

SIMS Secondary lon Mass Spectrometry

55-MS Spark Source Mass Spectrometry

TIMS Thermal lonization Mass Spactrometry

U Uranium

UF, Uraniumhexafluoride

XRF X-Ray Fluorescence (XRF)
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Abstract:

Nuclear forensics focuses on the origin and the history of seized nuclear material in order to discover
its latest legal owner and production place. The chemical composition as well as the physical
appearance provide information on the production process and the intended use. The "age" of the
material helps to limit the number of possible facilities to those, which were active at the time of the
production or processing of the material.

The "age" of a nuclear material is the time elapsed since the last chemical separation of mother and
daughter nuclides during enrichment or reprocessing. Different "clocks” (i.e. parent/daughter nuclide
pairs) can be used for the determination of the age of plutonium: ' Am~* Pu, Z2puf*U, 2 Pu U
and “’Pu/*U.

At present there are no nuclear reference materials available that are certified for the separation date
of plutonium providing a solid melrological basis for age dating measurements and thus increasing the
confidence in the conclusions based on these measurements. In order to meet the need of
laborafories involved in nuclear forensics and age dating of nuclear material, the Institute for
Reference Materials and Measurements (EC-JRC-IRMM) is closely cooperating with the Institute for
Transuranium Elements (EC-JRC-ITU).

The widely distributed isotope ratio reference material SRM 946 (NBL CRM 136) has been dated
among other samples as part of a feasibility study on plutonium reference materials certified for the
separation date.

The results of the “*Pu*U, ***Puf*®and **Puf*®U clocks measured by isotope dilution thermal
ionization mass spectrometry will be presented and discussed. The findings of the age determination
agree well with the reported dates for the production of NBS 946 in 1970.

Keywaords: plutonium, nuclear forensics, dating, age, reference material

1. Introduction

Since the early 1990s more than one hundred cases of illicit trafficking of uranium and plutonium
materials have been reported. These occurrences gave rise to the development of the discipline of
nuclear forensic science [1]. In such cases nuclear forensic investigations are applied in addition to
traditional forensics. Traditional forensics focuses on evidence such as traces (fingerprints, fibres
and other residues) left behind by the culprit in order to identify linkages between ({suspect)
individuals and events {crimes). In contrast to that, nuclear forensics aims at re-establishing the
history of the seized material and provide hints on the possible origin of the material. To this end,
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the isotopic and elemental compesition (major elements and impurities) in combination with
dimensions of larger objects, and particle form and particle size of powders, respectively, are
investigated. These findings help in determining the production process and/or the purpose the
material was intended for by comparison with the entries in databases containing facility specific
attributes of nuclear material. Another key parameter helping to discover the latest legal owner and
production place of seized nuclear material is the “age” of the material.

1.1. Principles of plutonium age dating

The time span since the last removal of the “daughter” nuclides (decay products) from the “mother”
nuclides is defined as the "age" of nuclear material such as plutonium. Such manipulations that
separate the mother nuclides from their daughter nuclides - and thus set the “clock” to zero - occur
for instance during reprocessing. The following isotogic systems are commonly used as "clocks" for
the age dating of plutonium: 2'Pu'Am, Z*Pu/U, Z°Pu/U and *Pu/”®U [2].
Radiochronometry, however, relies on a few basic assumptions: the daughter nuclides should be
completely removed from their respective parent nuclides at =0, the material shall be considered
as closed system, i.e. no parent or daughter nuclide shall be added or removed during the time
interval under consideration, and parent and daughter nuclide shall be in radioactive disequilibrium.

The determination of the age is based on the equations describing the radioactive decag, as
shown in equation 1 to 3 for the chronometer 2*Pu/”**U [3]. The amount of the mother nuclide ***Pu
at the time of the measurement (present time) is represented b 29py,. The amount of ®°Pu at the
time of the separation (t=0) is **Pu,. Z°U; is the amount of *°U at the present time. The decay
constants A of mother and daughter nuclide can be calculated from their half-lives t,» according to
equation 3.

239 239 - A_239Pu*t
Pu, = ““Pu, * e - (1)

235 . 239 SA_230Put__-A 235Ut
Ui = Aggopu * (Aassu - Azgor)” © Pup * (e ‘e ) (2)

A=ty *In2 (3)

Consequently, the time span t that elapsed since the last separation can be determined by
calculating back to the time when no daughter nuclides were present. Assuming the complete
absence of the daughter nuclides at the time of the last separation, one can thus determine when
the last chemical separation of the daughter nuclides took place. Table 1 lists the parent/daughter
nuclide pairs that can be applied for the determination of the age of plutonium materials.

Clock Half-life mother (a) Reference Half-life daughter (a) Reference
Epuy 87.74(3) 4] 2.455(6)-10° [4]

29p,2% 2.410(3)-10* [4] 7.04(1)-10° [4]

240p 28 6561(7) [4] 2.342(4)-107 [4]

ey Am 14.325(24) [5] 432.6(6) [4]

H2py A8y 3.73(3)-10° [4] 4.468(5)-10° [4]

Table 1: Isotope pairs formed by plutonium mother nuclides and their respective daughter nuclides

It is advisable to use more than one chronometer nuclide pair for the age dating of plutonium in order
to enhance the reliability of the results and to gain additional information about the material. Using only
one clock might lead to erroneous conclusions, as systematic errors {e.g. arising from incomplete
separation at {=0) remain undetected. Inconsistent age dating results of several parent/daughter pairs
may point at incomplete removal of the decay products from the parent nuclides. In case the sample
consists of a mixture of two or more different materials a similar effect can occur [6]. Any addition of
daughter isotopes during the time between the initial separation and the age dating measurement may
also lead to inconsistent results from different clocks. The possibility of a contamination of a plutonium
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sample in the facility where it was manipulated with natural or non-natural uranium should be kept in
mind.

1.2. CRMs for plutonium age dating

Presently, no plutonium materials are available with a metrologically sound certification for their
separation date, including a stated quality of the separation from daughter nuclides. The need for
Certified Reference Materials (CRM) for age dating has repeatedly been expressed by members of the
nuclear safeguards and nuclear forensics communities. Such CRMs would assist in providing a more
solid metrological basis for age dating measurements, serve for method validation and increase the
credibility of the conclusions based on these measurements.

In order to address this challenge the EC-JRC-IRMM (European Commission, Joint Research Centre,
Institute for Reference Materials and Measurements) and the EC-JRC-ITU (Institute for Transuranium
Elements) are closely co-operating on the certification of uranium [7] and plutonium materials certified
for their separation date.

2. Methods and candidate CRM materials

After the chemical separation of the plutonium, uranium and americium fractions from the sample
matrix, isotope dilution mass spectrometric measurements {IDMS) are performed by Thermal
lonisation Mass Spectrometry {TIMS). All TIMS measurements were done applying the total
evaporation method [8]. **'Am has also been measured by gamma-ray spectrometry and alpha
spectrometry. The protocols for the chemical separation procedures isolating the elements of interest
(Pu, U, Am) prior to analysis were optimized successfully. This allowed the metrological determination
of nuclide amount ratios formed from the determined amount contents of the respective mother (238Pu,
#Epy, #0Puy, *'Pu, **Pu) and daughter (***U, U, %1, 8 and *'Am) nuclides.

The first step of this study was to select suitable plutonium materials. Firstly the plutonium isotope
reference materials NBS SRM 946, NBS SRM 947 and NBS SRM 948 with reported dates of the
individual production stages were selected. These samples also served as samples for method
development. Secondly, plutonium materials that are not described in literature were selected. The
latter do not only serve as candidate materials for CRMs for nuclear age dating but are as well suitable
as samples for future inter-labaratory comparison exercises on age determination of plutonium. In total
seven different materials covering an age range of almost 20 years were selected. Furthermore they
also have a range of plutonium isotopic compositions that covers fuel grade, reactor grade and
weapon grade plutonium (classification accarding to [9]).

The results of the age determination of plutonium/uranium clocks of the widely distributed isotope ratio
reference material NBS SRM 946 (NBL CRM 136) will be discussed hereafter. Furthermore two
possible scenarios are discussed illustrating why it may be a good idea to measure - when possible -
more than one clock; not only the absolute age determined by each clock helps to unravel the history
of the material but also how the clocks stand relative to each other may tell a tale of its own.

3. Resulis and Discussion

As mentioned above the widely distributed isotope ratio reference material NBS SRM 946 (NBL CRM
136) has been dated among other samples. The findings of the age determination agree well with the
reported dates for the production of NBS SRM 946 in 1970 [12]. The results of the age determination
can be found in Table 2 and Figure 1. One can easilsy see in case of this sample all three commonly
used plutonium/uranium clocks (*4Pu/”*U, **Pu®U and *°Pu/®U) are in good agreement with
each other. In addition to that the result for the usually not employed clock 2**Pu/***U shown in Table 2
is also not significantly different from the above mentioned clocks. The clock 2*2Pu/”U is normally not
considered due to the low concentrations of mother and daughter nuclides, the ubiquity of ***U and
challenges when measuring “*U that lead to higher uncertainties.
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Clock Determined “age” (a)
Value Uncertainty
28pyPHy 41.09 0.29
29p25Y 4112 0.12
20py 23 4116 0.11
242py2Y 43.4 45

Table 2: Results of age determination of sample NBS 946 determined by ID TIMS calculated for
18.10.2011; All uncertainties are expanded uncertainties (k=2).

41.5
G
o 41.25 {
o
) }
41 l
40.75 . .
0 1 2 3

Figure 1: Results of age determination ot sam3ple NBS 946 determined by ID TIMS calculated for 18.10.2011
using the following clocks: 2®PuU (1); **PuU (2); *°Pu®U (3); All uncertainties are expanded
uncertainties (k=2).

However, the interpretation of the results of the age determination of a given sample is not always that
straight forward. One possible reason for that can be that the sample under investigation is a mixture
of two or more materials that were mixed; Apart from that is possible that the separation procedure did
not remove the daughter nuclides completely at time zero or that a contamination of the plutonium
sample with natural uranium or other uranium occurred. The latter two lead to characteristic patterns of
the plutonium/uranium clocks relative to each other and can thus not only help to interpret the results
in a more concise way but also may give additional information of the possible history of the sample.
Care must be take, however, not to attempt such interpretations without careful consideration of
effects on the age dating results of the different clocks that are artefacts of the sample preparation and
measurement precedure such as incomplete separations during sample preparation or corrections
one should apply in order to cbtain interpretable results.

In case of a contamination of the plutenium sample with uranium it is quite likely that one will observe
that the result for ®*Pu/°U clock is shifted to a higher age relative to the 2By~ and 2Pw/”tU
dating results. Apart from that the ***Pu/”®U age dating result will rise to a very high value which is a
clear sign for a contamination with natural uranium.

Another scenario that shifts the plutonium/uranium clocks relative to each other is incomplete removal
of the daughter nuclides during the last manipulation of the material. In that case the results of all
plutonium/uranium clocks will be shifted to an older age due to the excess of uranium. However, the
result for the @%Pu/”*U clock is shifted to a younger age relative to the *°Pu/*U and *°Pu/”°U
dating results. This can be explained by the half lives of the respective mother daughter nuclide pairs
shown in Table 1.

4. Conclusions and Outlook
The age determination of nuclear material is challenging and not always straight forward due to the
nature of the samples; thus for the age estimation of a sample, such as material seized in nuclear

forensics investigations, it is advisable to use more than one clock. This helps to ensure the reliability
of the results and to exclude the possibility that the sample under investigation is for instance a
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mixture of two or more materials, has not been separated completely at time zero or has been
contaminated with for instance uranium. The latter two lead to characteristic patterns of the
plutonium/uranium clocks relative to each other and can thus not only help to interpret the results in a
more concise way but also may give additional information of the possible history of the sample.

To meet the needs of the nuclear safeguards and security community, the EC-JRC-IRMM and the EC-
JRC-ITU are closely cooperating towards the production of nuclear CRMs certified for the separation
date suitable for nuclear age dating.
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Abstract. Isotopic reference materials certified for the age of nuclear material (uranium, plutonium)
are needed in the fields of nuclear forensics and environmental measurements, Therefore a feasibility
study for the development of plutonium reference materials for age dating has been started recently
al the Institute for Reference Materials and Measurements (EC-JRC-IRMM). The "age" of the
material is defined as the time that has passed since the last chemical separation of the mother and
daughter isotopes (e.g. **'Pu and *'Am). Assuming that the separation has been complete and all the
daughter isotopes have been removed from the original material during this last separation, the age of
the material can be determined by measuring the ratio of daughter and mother radio-nuclides, e.g.
A/ Pu. At a given time after the last separation and depending on the half lives of the radio-
nuclides involved, a certain amount of the daughter radionuclide(s) will be present. For the
determination of the unknown age of a material different "clocks" can be used; "clocks" are pairs of
mother and davghter radio-nuclides, such as HAmAMpu, PFpuAU, PuU, PPu/U. and
possibly "Pu”®U. For the age estimation of a real sample, such as material seized in nuclear
forensics investigations or dust samples in environmental measurements, it is advisable to use more
than one clock in order to ensure the reliability of the results and to exclude the possibility that the
sample under question is a mixture of two or more materials. Consequently, a future reference
material certified for separation date should ideally be certified for more than one "clock™ or several
reference materials for different "clocks" should be developed. The first step of this study is to verify
the known separation dates of different plutonium materials of different ages and isotopic
compositions by measuring the mother (**Pu, “*Pu, *'Pu, *'Pu, ***Pu) and daughter (**U, U,
U, U and 'Am) isolope abundances and to estimate the achievable uncertainties ol the
calculated ages. Thermal ionisation mass spectrometry (TIMS) is applied for the measurement of the
plutonium and uranium isolope ratios aller chemical separation of the plutonium and uranium
fractions from the sample matrix, while *'Am is measured by gamma-ray spectrometry. In the
course of this work the reference materials NBS SRM 946, 947 and 948 (NBL CRM 136, 137 and
138) will be investigated among others.

! retired
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1 Introduction

In these times of a "nuclear renaissance” on the one side and of concerns on nuclear proliferation
and nuclear terrorism on the other hand, aspects of non-proliferation and nuclear security need to be
given increased attention. This cntails addressing also the associated technical challenges and
developing sound solutions which enable and support defendable conclusions [1]. These concerns
were concisely summarised by the words of the president of the United States of America, Barack
Obama, on April 7, 2009 in Prague, addressing the topics of nuclear security and post-cold-war
weapons: “In a strange turn of history. the threat of global nuclear war has gone down, but the risk
of a nuclear attack has gone up.” [2]

Thercfore not only the nuclear safeguards system nceds to be strengthened and kept up to date for
present and future challenges, but nuclear forensics also needs to be ready to provide substantiated
answers in a timely manner in case of need. The first cascs of illicit trafficking of nuclear material
occutred in the early 1990s, and since then more than one hundred cases of illicit trafficking of
nuclear material have been reported. [3] Whenever nuclear material (uranium, plutonium) is
discovered being out of regulatory control, nuclear forensic investigations may be applied in
addition to traditional forensics. While traditional forensics recover and analyse evidence such as
fingerprints, genetic markers along with other traces like fibres and residues left behind by the
malcfactor in order to identify the individual who committed the crime, nuclear forensics focuscs on
providing hints on the origin and the history of the seized material. Nuclear forensics uses rather the
cxclusion principle than dircetly pointing to one conclusion: databascs containing facility specific
attributes ol nuclear material aid in narrowing down possible origins ol the material in question. In
order to find the latest legal owner of the nuclear material the isotopic and elemental composition
(major elements and impurities) in combination with its physical appearance {dimensions of larger
objects; particle form and size of powders) are determined. These three parameters assist in
determining the production process and/or reactor type the material was intended for. Additionally
the "age", i.e. the time since the last separation, of the material can be determined. This information
is of crucial importance for the investigators, since it helps in reducing the number of facilities
where the material has possibly been separated considerably due to the fact that all facilities built
after the separation date can be ruled out.[4] Knowledge of the date of the last scparation of the
material also enables the exact initial composition of the material to be calculated. [3]

2 Reference materials for nuclear age dating — status quo

As the Guide to Quality in Analytical Chemistry states, “the value of chemical measurements
depends upon the level of conlidence that can be placed in the results™.[6] In order (o ensure a high
level of confidence in measurement results in general, quality control and quality assurance systems
need to be established. Comparability of results obtained by different laboratories and methods is
achieved by comparison to known reference values. Consequently, confidence in measurements is
ensured by the verification of measurement results and the establishment of traceability through the
use of cettified reference materials. Certified reference materials are also required for the validation
of measurement procedures and calibration of instruments. Analysts need to prove that their
measurement procedures are "fit for purpose”, i.e. the measurement performance meets the
requircments of the analysis. Although the need to establish the above mentioned goeals in order to
produce and publish sound analytical results is crucial as such, it is not always straight [orward. In
addition to that, confidence in the integrity and quality of measurement results and services is of
greal importance, resulling in more and more laboralories striving lor accreditation, e.g. ISG/IEC
17025. [7]

Certified reference materials are defined by 1SO Guide 30 as sufficiently homogeneous and stable
materials with respect to one or more specified properties. These materials are characterized to be fit
for the intended use by a metrologically valid procedure and are accompanied by a certificate that
provides the wvalue of the specified property, its associated uncertainty and a statement of
metrological traceability.[8] Realistically speaking, it is not always possible 1o use a certified
reference material because of the unavailability of materials certified for the properties under
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investigation, such as the "age" of a nuclear material. In these cascs. it is recommended that "a
material with suitable properties and stability should be selected [...] and used as a laboratory
measurcment standard”.[6] It should be noted, however, that the "age™ of the material is not a
directly measurable quantity. Ratios of the numbers ol atoms of the mother nuclide and of the
related daughter nuclide are measured. The measurements can be carried out by gamma ray
spectrometry or prelerably by isolope dilution mass spectrometry, Based on these measurements, the
age of the material is calculated. In consequence, the actual measurement requires spike reference
materials for quantification of the amount of mother and daughter nuclide as well as isotopic
reference materials for calibration of the measurement apparatus (e.g. instrumentation). The
motivation for developing age dating reference materials is largely based on the need for validating
analytical procedures and for applying quality control (to demonstrate that the procedure is well
under control). Providing confidence in measurement resulls by demonstrating that the whole
analytical pracess is well under control is of major importance in nuclear forensics which is a top
priority on the political agenda |9]. Presently, no relerence materials certified for their "age" are
available. In their absence, researchers have been using materials with well known and well
documented separation date as replacement. Thus, scientists have to rely on various sources for
"reference ages", for method development and quality contrel. The sources of information for the
given "reference age" (of materials used so far for method development) in literature are fairly
inhomogeneous. Yet authors indicate on what grounds they assumed a certain "reference age" such
as dales on certificates, old documentation and interlaboratory comparisons [5, 10-135]. Most of
those assumed reference dates might be well justified but, the lack of nuclear reference materials
actually certified for the separation date leads to situations where dillerent relerence ages
(separation dates) for the same material can be found in different publications such as for the
material SRM 947 in |5] and [13]. Another problem caused by the lack of nuclear reference
materials certified for the separation date is the absence of proof of complete separation possibly
Icading to ambiguous results cven when applying sophisticated measurement techniques. In
consequence, the availability of nuclear reference materials properly certified for their "age” would
provide a more solid metrological basis for age dating measurements and would thus increase the
value of the conclusions based on these measurements. It is therefore not surprising that the need for
nuclear reference materials certified for age has been repeatedly expressed by members of the
nuclear saleguards and nuclear (orensics community. Because of this feasibility a study lor the
development of plutonium reference materials for age dating has recently been started at the
Institute for Reference Materials and Measurements (EC-JRC-IRMM) in cooperation with the
Institute for Transuranium Elements (EC-JRC-ITU) in order to meet the present needs of
laboratories involved in nuclear forensics analysis.

3  Agc dating of plutenium

Unstable isotopes decay following distinct decay schemes until a stable isotope is formed, such as
illustrated in Figure 1 for the decay of **'Pu. The principle of measuring deelining amounts of the
originating so called mother isotope relative to the amounts of the formed daughter isotopes has
been used for the age determination of mincrals and rocks by geologists for many ycars. The
chemical composition of rock mass changes with time, thus the age can be derived from measuring
the ratio of mother to daughter isotope. Isotope pairs such as “*Ra/*U, “*Th/**U and *'Pa/*U are
deployed as chronometers in geology providing "absolule” methods lor the determination ol the
time that has passed since the formation of the rock [16] whereby the assumption has to be made
that during the rock formation parent and daughter isotopes were completely separated during the
process. Similarily, the "age" of nuclear material is defined as the time that has passed since the last
chemical or physical separation of the mother and daughter isotopes, ¢.g. "“'Pu and ™'Am (Figure

1.
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Figure 1. Decay scheme of **'Pu [17]

Assuming that the separation has been complete and all the daughter isotopes have been removed
completely from the original material, the age of the material can be determined by measuring the
ratio of mother and daughter radionuclides, e.g. *''Pu/”"' Am. At a given time after the separation and
depending on the half-lives of the radionuclides involved, a certain amount of the daughter radio-
nuclide has built up. For the determination of the age of nuclear material, different chronometers or
"clocks" can be used. These "clocks" are distinct pairs of mother and daughter radio-nuclides. The
isotope pairs formed by plutonium mother isotopes and their respective daughter isotopes plus their
half-lives are given in Table 1.

Table 1: Isotope pairs formed by plutonium mother isotopes and their respective daughter isotopes

Clock Half-life mother Reference Half-life daughter  Reference
opy 2y 2.87(1)a [18] 70()a [18]
ey 87.74(3) a [18] 2.455(6)-10° a [18]
29py By 2.410(3)-10"a [18] 7.04(1)-10%a [18]
Hpy/Aoy 6561(7) a [18] 2.342(4)107 a [18]
Hpy A Am 14.325(24)a [19] 432 6(6) a [18]
HpyPBy 3.73(3)10°a [18] 1.468(5)-10° a [18]
#pyp/ Py 80.0(9)-10° a [18] 6561(7) a [18]
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Hpu Am, P pw/™MU, 7Pu/M U, MPuPU are considered useful for age dating of plutonium
materials [20]. Equaticns 1 to 5 illustrate an age calculation using the isotope pair **Pu/”*' Am. **'Pu,
is the amount of **'Pu at the present time t (i.e. time of the measurement) while 2py, is the amount
of *'Pu at the time of the separation. The decay constant % can be caleulated from the half-life ty.
according to equation 2. 24'/\m[ is the amount of *'Am at the present time t; Rysjppaaiam 15 the
measured ratio “'Pu* Am at the present time t.

Hipy, = Hipy, * g [
A=t *1n2 (2]
M1 A, = 1Py - 1Py, = H1Pug (1 - &Y 3]
Rastpuzeian= " Pu/ " Amy =™ # (1 - ™! [41
t=2"* In [(Rastevaiam + 1)* Roppuzetam” | [5]

For the age estimation of a real sample, such as material seized in nuclear forensics investigations or
a dust sample in environmental measurements, it is advisable to use more than one clock in order to
ensure the reliability of the results. Otherwise wrong conclusions could be reached: Non matching
chronometers can be a result of incomplete separation i.e. not all clocks have been set to "zero”
during the separation [10]. Non matching clocks can also result from a sample that is a mixture of
two or more different materials. Consequently, a future reference material certified for separation
date should ideally be certified for more than one "clock™ or several reference materials for different
"clocks" need to be developed.

4  Experimental Setup

There are basically three possible strategies to produce isotopic reference materials certified for the
age of nuclear material [21]:

- Characterization of an existing (old) material with well-known separation date

— Quantitative separation (set clock to time "zero™") of bulk material leading to a material with
documented separation date and completeness of separation

—  Mixture of puritied fractions of mother and daughter isotopes to mimic a certain “age”

This study deals with the first two of those strategies primarily focusing at the characterisation of a
known material in the first place. Thus, the first step of this study is to verify the known separation
dates of different plutonium materials differing in age and enrichment. Mother (**Pu, **Pu, **Pu,
'y, 27pu) and daughter M'U, *°U, P*U, ***U and ' Am) isotope abundances are determined in
order to calculate not only the age using different clocks but also to estimate the uncertainties of the
calculated ages ideally combining the results of several isotope pairs. The experimental setup for the
measurements is shown in Figure 2. Thermal ionisation mass spectrometry (TIMS) is applied for the
measurement of the plutonium and uranium isotope ratios. After chemical separation of the
plutonium and uranium fractions from the sample matrix, isotope abundance measurements as well
as isotope dilution mass spectrometric measurements (IDMS) are performed. **' Am is measured by
gamma-ray spectrometry.
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Figure 2, Scheme of analysis for nuclear age dating of Pu materials

5 Selected starting materials

The selected candidate starting materials for reference materials for nuclear age dating are shown in
Table 2. The applied classification into grades is explained in Table 3. In the course of this work the
well known reference materials certified for isotopic abundance NBS SRM 946, 947 and 948 (NBL
CRM 136, 137 and 138) will be investigated among others. Certification for the age of widely
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distributed materials like the above mentioned provides a powerful tool to scientists to improve the
quality of age dating of nuclear material.

Table 2. The candidate starting materials for reference materials for nuclear age dating
IsotoPic composition of plutonium (%)

Sample Material #py “*Pu H0py py Py grade
ACH-104-17 Pu0; 0,85 73,32 18,3 5,46 2,08 fuel grade
ACH-104-27 PuQ, 0,07 84.34 14,2 1,03 0,36 fuel grade
ACH-104-53° Pu0; 1.2 62,3 254 6,7 4,2 reactor grade
ACH-103* Pu; 0,01 93,4 6.3 0,2 0,04 weapon grade
NBS 946° Pu(S0,);.4H-0 0,19 86,07 12,51 0,64 0,58 fuel grade
NBS 947° Pu(S0,);.4H,0 0,23 78.76 19,05 0,74 1,22 reactor grade
NBS 948° Pu(S0,),.4H,0 0,01 91,93 7,05 0,08 0,03 fuel grade

Table 3. Classification into grades of plutonium materials by the U.S. Department of Energy [22]
Grades Pu-240 Content

Weapon grade <7 9%
Fuel grade 7-19 %
Reactor grade >19%

6 Conclusion

Tsotopic reference materials certified for the age of nuclear material are clearly needed in the tields
of nuclear forensics, since information about the separation date is crucial for nuclear forensic
investigators. Knowledge of the age of an unknown sample not only helps to reduce the number of
facilities where the material has possibly been separated, but also enables the initial composition of
the material to be calculated. Especially in a highly sensitive field like nuclear forensics where
measurement results can potentially lead to far reaching consequences the reliability of the obtained
age of an unknown sample must be assured by the use of reference materials certified for the
property of “age”. These certified reference materials should combine the following properties:

—  Certification for the time elapsed since the last separation, i.e. removal of the daughter
isotopes from the mother isotope.

— The completeness of this separation must be guaranteed for the clock(s) the material is
certified for.

— Ideally, one single certified reference material should be certified for several clocks;
alternatively, a set of certified reference materials complementing one another should be
made available.

— The value for the age of the certified reference material and its uncertainty should ideally
combine uncertainties obtained from all the clocks under investigation

A feasibility study for such a certified reference material for the age of plutonium material is
currently conducted by the European Commission, Joint Research Centre, Institute for Reference
Materials and Mecasurements, Geel, Belgium in cooperation with the Institute for Transuranium
Elements, Karlsruhe, Germany.
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Abstract:

Thermal ionization Mass Spectrometry (TIMS) is a widely used mass spectrometric technigue for the
determination of the isotopic composition of plutonium. Morecver, advances in the last decades have
fed io increasingly high precision and accuracy of the isotope ratio measurements using mulliple ion
counting detection system. High precision plutonium iscfope measurements would allow distinguishing
different types of plutonium contamination and could be used as a finger print to frack various sources
of plutonium in the environment. To measure plutonium isolope ralios with high precision and
accuracy, stable ion beams with high intensity are desired. This is sometimes difficult to achieve,
especially when measuring plutonium in low amounts.

In this study, carburization of the Re filaments was used to increase the ionization efficiency of
plutonium. Carburized filaments were prepared in a special vacuum chamber in which benzene
vapour was introduced as a pure source of a carbon. As a result of the carburization of the filaments
higher efficiencies were obtained. This carburization technique was combined with a multi-dynamic
measurement technique using the multiple ion counting system and applied to two sediment samples
1AEA 135 and IAEA 368; respectively. The results in term of plutonium isofope ratios are presented
and compared with the literature values.

Keywords: TIMS; Pu isotope ratios; carburization; environmental samples

1. Introduction

Various man-made radicactive elements are present in the environment as a result of human
activities. Such element is also plutonium which can be regarded as one of the most important
nuclides for safeguards. Plutonium is found in the environment as a result of nuclear weapon tests,
nuclear reactor accidents, discharges from reprocessing plants, dumping of nuclear waste and
accidents with nuclear devices. On the other hand, plutonium is also produced from uranium in
nuclear reactors. For assessing different sources of 2plumnium contamination, information on the
isotopic composition is necessary. It is known that the “°Pu/”*Pu isatope ratio is a good indicator to
identify different types of plutonium contamination, however also other plutonium isotope ratios, such
as “'PuPPu and **Puf*Pu, could be useful as additional information on the production processes
of nuclear material. For global fallout the average ***Pu/*®Pu and **'Pu/***Pu isotope ratios are 0.176
+ 0.014 and 0.0086 + 0.0017, respectively [1]. Weapons grade plutonium can be characterized by
#0pu/A*Py ratios < 0.07, whereas in plutonium from nuclear reactors, ratios of 0.4 or higher can be
expected [2-5].

For determination of plutonium isotope ratios mass spectrometric techniques such as thermal

ionization mass spectrometry (TIMS), accelerator mass spectrometry (AMS) and inductively coupled
plasma mass spectrometry (ICP-MS} are most widely used. They offer high precision and accurate
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results which would enable to better distinguish between different types of Pu contamination. To
measure smallest amounts of plutonium (< 10" g), high ionization efficiency and a sophisticated
detection system are desirable; especially if isotopes having low abundance need to be measured.
Thermal ionization mass spectrometry (TIMS) in combination with a multiple ion counting detection
(MIC) system holds the potential to meet this requirement.

Different approaches are described in the literature in order to enhance the overall efficiency of
plutonium. In this study, carburization of the filaments using pure benzene gas as a carbon provider
was tested and implemented at IRMM. Carbon serves as a reducing agent, promoting the production
of actinide ions at the expense of undesirable oxide species. The higher proportion of +1 ions resulted
in a substantially more intense ion beam for a given amount of material [3, 6]. The carburization
technique in combination with the multi-dynamic measurement technique using the MIC system was
already applied to the NBL -137 isotopic standards and NUSIMEP 5 inter-laboratory campaign
samples [3, 7]. Here, the results for the complete isotopic composition for two reference sediment
samples IAEA 135 and IAEA 368 are presented.

2. Experimental

2.1. Chemical separation of Pu

Samples were leached with hot 8M HNO; for 3h. After the separation of the leachant and the residue,
the actinides were co-precipitated on CaC,04 to remove iron. The oxalate precipitate was fumed
several times with conc. HNO; and H,0O, and dissolved in 2M HNO;. After the adjustment of the
oxidation state of Pu to Pu(lV), the solution was made 8M HNO; using conc. HNO; and loaded on an
anion exchange column. The column was washed with 8M HNO; and 9M HCI to remove matrix
elements and thorium. Pu(lll) was eluted from the column with 0.1M NH4I-9MHCI and the solution
evaporated to near dryness [8]. Pu fraction was further purified with TEVA columns.

2.2. Carburization of the Re filaments

Rhenium filaments were placed into the filament carburization device and evacuated. After a sufficient
vacuum pressure was established (< 1.10°® mbar), the filaments were subjected to a heating routine
for degassing and cleaning. After degassing the benzene was intreduced into the chamber through a
valve and the filament current was adjusted to a 4A, corresponding to a temperature of ca. 1600-1700
°C. During the carburization, the benzene pressure was kept constant at the pressure of 5-10° mbar
for 1 hour. After the carburization was complete, the filaments were left to cool overnight before
loading Pu solution [3].

Figure 1: Carburization device (left) and a vacuum chamber with a filament magazine (right).

2.3. Triton TIMS
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On the IRMM Triton thermal ionization mass spectrometer, nine Faraday cups, one conventional
discrete dynode electron multiplier, and seven CDEMs (continuous dynode electron multiplier) were
installed. The width of the CDEMs is identical to the standard Faraday cups, and thus the ion counters
can be aligned with single unit mass spacing for the measurement of high mass elements such as U
and Pu (see Fig. 1). The advantage of multiple ion counting is the simultaneous collection of several
isotopes of a given element. It overcomes many of the problems such as transient signal variation in
sample emission and ionization, which would significantly reduce the attainable precision of a single
collector measurement. For a given sample, a multiple ion counting measurement makes use of a
greater number of ions counted for each isotope compared to a peakjumping measurement using
only a single ion counting detector and therefore provides improved counting. Multiple ion counting is
thus advantagecus for the cases where the sample size is restricted [9, 10].

The Triton TIMS at IRMM

Detectors: Moveable:

/\ FAR H4 X
ta = FAR H3 x
f -:' FAR H2 X
/ FAR H1 X
/ | W6 I FAR C / SEM

FAR L1 X
1 sample magazine FAR L2 X
2 ion source FAR L3 X

u 8 3 focus quad Ic8
8 I I 4 magnet FAR L4 x

== 2 5 dispersicn quadrupole Ic7

6 ion getter pumps IC6

! 7 virtual amplifier system IC5

— 8a movable faraday detector system IC4

8b stack with seven CDEM's (IC 2-8) IC3

9 center cup and RPQ with SEM system Ic2

Figure 2: The configuration of the Triton TIMS at IRMM.
2.4, Multi-dynamic measurement technique

Multi-dynamic measurement technique provides improvements in accuracy and precision by applying
an internal calibration for the CDEM detectors during the measurement. When all isotopes of interest
are detected simultaneously in several steps of a multi-dynamic mass cycle, the isotope ratio can be
calculated in a way that the calibration factors of all ion counters are eliminated for so called minor
ratios, e.g. for the #Pu/”Pu and ***Pu/**Pu ratios in case of plutonium. In contrast, the so called
major ratio 20puPpy is measured in a peak-jumping mode using IC3 in steps 1/2, using IC4 in steps
2/3 and using IC5 in steps 3/4, see Table 1, and is therefore also independent on the efficiencies of
the CDEMSs. A correction factor, the so-called K-factor, for the 2°Pu/2*Py ratio has to be determined
externally using the known 2°Pu/*Pu isotope ratio of the NBL-137 isotopic standard in order to
correct the major ratio for mass fractionation, to be measured using the same technique on the same
sample magazine [9, 10]. Table 1 shows the mass cycle for plutonium isotopes in @ multi-dynamic
measurement.

Channel: | IC2 | IC3 | IC4 | IC5 | IC6 | ICY
Step:
1 239 | 240 | 241 | 242
2 239 | 240 | 241 | 242
3 239 | 240 | 241 | 242
4 239 | 240 | 241

Table 1: The multi-dynamic mass cycle for plutonium measurement
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3. Results and Discussion

Different parameters such as carburization current, benzene pressure and time of exposure were
studied in order to find the best conditions for an isotopic measurement. The efficiency of plutonium
was improved significantly. Moreover, the carburization technique in combination with multi-dynamic
measurement technigue using the multiple ion counting system (MIC) was successfully applied to
NBL-137 isctopic standard and NUSIMEP-5 samples of the inter-laboratory comparisocn campaign.
The detailed results are published in [3].

In this paper, the results of analysis of two reference materials IAEA 135 and |IAEA 368 are presented.
IAEA 135 (Irish Sea Sediment) is the sediment influenced by the discharges from the reprocessing
plant in Sellafield, and IAEA 388 (Pacific Ocean Sediment) is the sediment collected at the French
Peolynesia, where nuclear tests were carried out.

IAEA 135 IAEA 368
(Irish Sea Sediment) (Pacific Ocean Sediment}
Isotope ratio Average Rel. Ue, k=2 Average Rel. Ue., k=2
[%] [%]
M0py29py 0.2129 023 0.03419 0.34
#pyP9py 0.00751 0.36 0.000211 8.3
22pyAB8py 0.00713 0.51 0.000334 25.3

Table 2: Plutonium isotope ratios in IAEA 135 and IAEA 368.

In table 2, the obtained 2*°Pu/”°Pu, *'Pu”Pu and **Pu**Pu isotope ratios are given for IAEA 135
and IAEA 368. The value for the major isotope ratio in IAEA 135, *“Pu/**Pu, is 0.21290 + 0.00049.
This value is higher than 0.176 + 0.014, the average ratio due to global fallout [1]. The results agree
well with the value of 0.207 + 0.006 obtained by Lee et al. [11] and 0.211 £ 0.004 given by Muramatsa
et al. [5] which were determined using ICP-MS or AMS. The uncertainty of the new TIMS value is
about a factor of 10 smaller. The values for 2"'Pu/*Pu and ***Pu/*Pu isotope ratios in IAEA 135
were 0.007510 = 0.000027 and 0.007130 + 0.00036, respectively. It can also be seen that despite
approximately 100 times lower values for minor isctopes in IAEA 135, the uncertainty was still in the
same order of magnitude as it was for the major ratio. The ?Pu/”°Pu agrees within the uncertainty
with the value of 0.0088 + 0.0007 reported by Lee at al. [11], while the *'Pu/™*Pu isctope ratio was
lower than 0.0221 £ 0.0080 observed by Lee.

On the cther hand, the **Pu/”*Pu value obtained in IAEA 368 was 0.03419 £ 0.00011. This is much
lower value than the avera%e for global fallout. In fact the results indicate that the sediment contained
weapons grade plutonium { “Opu/ Py < 0.07), which was already assumed. The result for #py/Ppy
agrees within the uncertainty with the value of 0.043 + 0.008 reported by Muramatsu et al. [5]. The
range of obtained results for 2puPpy and 22Pu/”®Pu was 10 times lower than in IAEA 135, so
higher uncertainties were expected. The values for *'Pu”°Pu and #**Pu/**Pu isctope ratios in IAEA
368 were 0.000211 £ 0.000018 and 0.000334 = 0.000085, respectively.

4. Conclusions

It has been shown that the multi-dynamic technique using the multiple on counting system (MIC) and
filament carburization could be applied to different envircnmental samples. As a result of enhanced
efficiency of plutenium due to the carburization technique, results with small uncertainties were
obtained not only for the *°Pu/A°Pu isotope ratio but also for “'Pu/®**Pu and *?Pu/*®Pu. This is very
important because the minor ratios provide additional information on the source identification of
plutonium in the environment. Unfortunately, little information is available on plutonium isotope ratios
in the literature so the results obtained in this study could contribute and complement the "data base"
for values for reference materials already existing in the literature.
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3 Summary and conclusions

Nuclear forensic investigations play a vital part in the field of nuclear security. Nuclear
forensic analytical results need to be accurate and precise and it also needs to be ensured
that they can withstand scrutiny in a court of law and from the international community.
CRMs tailor-made for nuclear forensic applications are therefore indispensable, which has
also been emphasised at the last Nuclear Security Summit, Washington, USA 2016. At
present there are no available plutonium CRMs certified for their separation date. In this
doctorate thesis the need for certified reference materials for the age determination of
plutonium for nuclear forensic applications has been discussed and documented in detail and
a foundation has been laid towards the development of plutonium CRMs certified for their
separation date. The capability for the age determination of plutonium has been established
at EC-JRC-G.2, Geel, Belgium where the experiments for this thesis were carried out. As a
result of this work plutonium CRMs certified for their production date are envisaged to be
produced in the foreseeable future by the JRC. Possible candidate materials for the

preparation of such a CRM have been identified.

Furthermore, the need for a suitable commercially available ***Am IDMS spike CRM has
been identified for the age determination of plutonium via the ***Pu/**Am chronometer by
means of mass spectrometric measurements. This marks the starting point for a joint project
of CEA/CETAMA (CEA/DEN Marcoule, France) and EC-JRC for the preparation and
certification of such a spike. The author's current position at IAEA SG Laboratories in
Seibersdorf, Austria, has allowed the author to actively participate in this project under an
EC-IAEA support task in order to enhance the cooperation between CRM users and

producers on a technical level.

The determination of the age or production date of uranium and plutonium samples has for
decades been a pillar of nuclear forensic investigations. Knowledge of the age of seized
nuclear material can help considerably to limit the number of facilities where seized
plutonium samples could have been produced or processed. The major part of the research
accomplished during this doctorate thesis has therefore been dedicated to plutonium age
determination and a thorough examination of the Pu/U chronometers for the age
determination of plutonium. The relationship of the results of the more regularly applied Pu/U
chronometers #**Pu/?*U, #°Pu/?°U and **°Pu/*°U and the often neglected or dismissed
radio-chronometer **?Pu/**®U was scrutinized and re-evaluated. It has been shown that the
relationship of these Pu/U chronometers relative to each other can not only boost the
confidence in the obtained production date for a particular plutonium sample, but can also -
in the case of mismatched age dating results for different chronometers - help to reveal the
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history of the plutonium sample under investigation. The pattern formed by the Pu/U
chronometers’ age determination results may help to identify incomplete separation during
the production of the material and give a maximum age for the sample. In other cases this
may point not only towards the presence of non-radiogenic uranium in the sample but may
also help reveal the likely nature of this uranium contamination. The presented work has
therefore not merely contributed towards making inconclusive results conclusive but also in
extracting additional information concerning the history of the sample under investigation
'hidden' within the sample itself. A ‘roadmap’ for the dating of plutonium materials via the
respective Pu/U chronometers has been established and it has been shown that the
242py /2%y radio-chronometer rightfully deserves a place among the Pu/U chronometers as a
sensitive indicator of the presence of non-radiogenic uranium for the age determination of

plutonium for nuclear forensic purposes.

The need for up-to-date half-lives has been highlighted as well as the need for state-of-the-
art IDMS spike CRMs for both plutonium and uranium.

Furthermore, an optimized method for U/Pu separation has been developed and a novel
approach for the measurement of uranium isotopes by total evaporation TIMS with a double
filament setup combined with filament carburization has been investigated. This specific
measurement approach allows the measurement of the isotopic composition of uranium
separated from a plutonium matrix and thus still containing traces of plutonium. This
approach not only achieved reliable results for the *®Pu/?®*uU, ***Pu/”®*U, and ?*°Pu/?®U
chronometers in order to determine the age of plutonium samples but also demonstrated the
use of the **?Pu/?*®U isotope amount ratio as a highly sensitive indicator for residual non-
radiogenic uranium in the plutonium sample without the need for any additional analytical

instrumentation in addition to TIMS.

It was shown that by the application of filament carburization for TE TIMS measurements
applying the double filament technique, a separation of residual plutonium in the uranium
fraction was achieved directly on the filament. The findings could also prove to be useful for
other applications such as the measurement of **U and ***Pu in MOX type samples without
(complete) chemical separation in the field of nuclear safeguards in addition to the

investigated use for nuclear forensics purposes.
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