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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

238

Pu/234U, 239Pu/235U and 240Pu/236U among

each other and with the often neglected or dismissed radio-chronometer

242

Pu/238U 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 Ionisation 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

238

U and

238

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 (ECJRC-G.2) Geel, Belgium, formerly Institute for Reference Materials and Measurements (ECJRC-IRMM), in cooperation with the VIRIS laboratory of the University of Natural Resources
and Life Sciences, Vienna, Austria.
Keywords:
Plutonium, Nuclear forensics, Age dating, Certified Reference Material, Mass Spectrometry

Kurzzusammenfassung
Nuklearforensische Untersuchungen spielen in der Nuklearsicherheit eine wichtige Rolle. Die
Resultate nuklearforensischer Untersuchungen müssen exakt und richtig sein und es muss
sichergestellt werden, dass diese sowohl einer genauen Überprüfung vor Gericht als auch
von

unabhängigen

Wissenschaftlern

standhalten.

Die

Unabdingbarkeit

zertifizierter

Referenzmaterialien wurde auch auf dem letzten Gipfel für Nukleare Sicherheit in einem
‘Certified Reference Material Fact Sheet’ dezidiert zum Ausdruck gebracht. Zum
gegenwärtigen Zeitpunkt sind keine Plutoniumreferenzmaterialien verfügbar, die für 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 über das Alter
konfiszierten Nuklearmaterials kann erheblich dabei helfen, die Anzahl der möglichen
Anlagen einzugrenzen in denen eine Plutoniumprobe hergestellt worden sein könnte. Die
Beziehung der Ergebnisse der häufig angewandten Pu/U Chronometer
und

238

Pu/234U,

239

Pu/235U

240

Pu/236U zueinander und insbesondere mit dem oft vernachlässigtem Chronometer

242

Pu/238U wurde untersucht und re-evaluiert. Es wurde gezeigt, dass die Beziehung der

Pu/U Chronometer untereinander nicht nur die Exaktheit der "Altersbestimmung" erhöht,
sondern auch – im Fall von nicht übereinstimmenden Resultaten – dabei helfen kann, die
Herkunft der untersuchten Proben zu enthüllen. Das Profil, das die Ergebnisse der Pu/UChronometer bilden, kann dabei helfen eine unvollständige 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
Uranisotopen

mit

Doppelfilamenttechnik

Hilfe

Messung
der

(Thermale

Ionisationsmassenspektrometrie)

Filamentkarbonisierung

untersucht.

Dieser

Messansatz

unter
erlaubt

von

Anwendung
die

der

Messung

des

Uranisotopenverhältnisses in Uranproben, die Spuren von Plutonium enthalten. Eine
verbesserte

Abtrennung

der

in

der

aufgereinigten

Uranfraktion

verbliebenen

Plutoniumspuren wurde während der Messung erreicht. Dieser Ansatz könnte sich auch für
andere Anwendungen als nützlich erweisen, z. B. die Messung von

238

U und

238

Pu in

Mischoxidproben. Die wissenschaftliche Arbeit wurde am Direktorat G in der Abteilung für
Standards für nukleare Überwachung, Sicherheit und Brennstoffkreislauf der Gemeinsamen
Forschungsstellen der Europäischen Kommission (EC-JRC-G.2), dem vormaligen Institut für
Referenzmaterialien und Messungen (IRMM), in Geel, Belgien in Kooperation mit dem VIRIS
Labor der Universität für Bodenkultur Wien durchgeführt.
Stichwörter:
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%
U3O8. 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 UF6. The UF6’s

235

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 highenriched 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

235

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
nuclides such as

239

235

U that has not been burned up and new fissile

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.

Enrichment

For Natural Uranium Fuels
Conversion

MOX Fuel
Fabrication

Milling

Mining

Fuel
Fabrication

Reprocessing

Spent Fuel
Disposal

Power Plant

Electricity

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
(Baumgärtner and Ertel 1980).
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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
238

234

235

U,

U, and

U (Bleise, Danesi et al. 2003). Their relative masses, half-lives and specific activities are

shown in Table 1-1. The

238

U/235U isotope ratio was found to vary slightly in nature (Weyer,

Anbar et al. 2008). It should be noted that other uranium isotopes such as 232U, 233U, and 237U
are not present in NU (IAEA 2007). Minute amounts of
neutron capture in

236

U (236U/238U ≤ 10‐10) generated by

235

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 Eugène 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
naturally occurring isotope

238

235

U, the fertile

U and the artificially produced fissionable isotope

233

U (Morss,

Edelstein et al. 2006).

Table 1-1: The relative masses of 234U, 235U and 238U in natural uranium and their specific activities adapted
from (Bleise, Danesi et al. 2003) and their respective half-lives (IAEA 1986)
Isotope

Relative mass (%)

234

U

0.006

235

U

0.72

238

U

99.3

Half-life (a)

Specific activity (Bq/g)

2.457(3) × 10

5

231 × 10

7.037(7) × 10

8

80011

4.468(5) × 10

9

12455
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238

U is the most abundant U isotope (Table 1-1). Possible parent nuclides of

and

242

Pu and its initial decay product is

234

Th (IAEA 2007).

238

238

U are

238

Pa

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).
235

U is a uranium fissile isotope contained in NU (Table 1-1). The initial decay product of

is 231Th (IAEA 2007). The high probability of
neutron makes

235

U

235

U undergoing fission after capturing a thermal

235

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
235

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

235

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

235

U and

234

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)
235

Uranium type

234

U

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 %)

U is the third isotope that is contained in significant amounts in NU (Table 1-1). Its initial

decay product is 230Th (IAEA 2007). 234U contributes to the same extent to the radioactivity of
NU as

238

U. The reason for this is its relatively short half‐life (Table 1-1) (Bleise, Danesi et al.

2003). 234U is enriched along with 235U in both centrifuge and diffusion enrichment processes.
Hence, the amount content of

234

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
with an enrichment of 4%

235

U in the enriched uranium product. Nuclear fuel

235

U therefore typically contains slightly less than 0.04 % of

The reason for this specification is the fact that
operation creating
need for higher

235

235

234

234

U.

U can absorb neutrons during reactor

U, which can in turn fission and release neutrons. This also leads to the

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. 232U, 233U, 236U, and 237U are created during irradiation of uranium
fuel in nuclear reactors. These uranium isotopes are called ‘minor uranium isotopes’ along
with 234U whereas 235U and 238U are termed ‘major uranium isotopes’.
During nuclear reactor operation,
captures from
content of

236

U and

235

U. Likely parent nuclides of

237

U are generated by successive neutron

236

U are

236

Pa,

236

Np, and

Pu. The amount

236

U present in irradiated uranium material is directly proportional to the burnup

level of the nuclear fuel (IAEA 2007).
contributing to the need for higher

236

U acts like

234

U as a neutron absorbing isotope, also

235

U enrichment in nuclear reactor fuel made from

reprocessed uranium (RepU). As mentioned above, minute amounts of
neutron absorption in

1.1.2

240

236

U generated by

235

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

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
artificially through deuteron bombardment of

238

Pu

238

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

239

Pu can be formed via several intermittent stages by bombarding

neutrons. Since then other plutonium isotopes (228Pu -

238

U with

237

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
out to be a primeval element. Gigaton amounts of

239

Pu from pitchblende. Plutonium turned

239

Pu and

244

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

244

Pu of primordial stellar origin exist on our planet’s crust.

239

Pu’s non-

anthropogenic presence on earth can also be attributed to spontaneous neutron capture in
238

U in natural uranium ore deposits (Taylor 2001; Wilcken, Barrows et al. 2007). Plutonium
18

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

239

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 238Pu, 239Pu, 240Pu, 241Pu and 242Pu
are nowadays present on the surface of the Earth. All of these plutonium isotopes decay by
the emission of α particles into uranium daughter nuclides except for
β decay forming

241

Am.

239

Pu and

241

Pu, which decays by

240

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

239

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
generated by the fission of

239

Pu that has been generated from

235

U based fuel is

238

U in the reactor (Taylor

2001). Although 239Pu is the fissile plutonium isotope, plutonium materials are categorised by
their

240

Pu content. This is due to the fact that

240

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 240Pu content (Smith, Kristo et al. 2008).

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

Description

240

Pu

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 %

19

1.2

1.2.1

Nuclear Safeguards and Nuclear Security

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 Safeguards

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 III 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
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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 Safeguards
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 Safeguards

Euratom and the IAEA co-operatively apply nuclear safeguards in order to improve costeffectivity 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):

‘[…] 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
‘[…] 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 techniques 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 (ECJRC-G.2) Geel, Belgium, formerly Institute for Reference Materials and Measurements (ECJRC-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 Illicit 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
234

U/230Th and the

235

U/231Pa chronometers.

40

K/40Ar and

87

Rb/87Sr dating as well as the

14

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
235

U/231Pa 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 Pt; 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 P0. Dt is
the measured amount of the daughter nuclide D present in the sample at the time of the
experiment. D0 represents the amount of daughter nuclide D directly after the formation or
production of the sample (t = 0). D0 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 λP and λD of the parent and the daughter nuclide
are calculated from their respective half-lives t1/2 according to Equation 1.4.3.

𝑃t = 𝑃0 × e-λ_P × t

𝐷t = 𝐷0 × e-λ_D × t +

λ=

Equation 1.4.1

λP × 𝑃0 ×(e-λ_P × t- e-λ_D × t)
(λD - λP)

Equation 1.4.2

ln 2
𝑡1/2

Equation 1.4.3

Hence by assuming that the initial ratio of D0/P0 = 0 and determining the present ratio of Dt/Pt
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 239Pu/235U 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 106 to 109 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

234

U/230Th 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

235

U/231Pa chronometer uses the ‘granddaughter’ nuclide

231

235

Pa of

U instead of

its daughter 231Th. 231Th has a very short half-life of only about 25.52 hours and hence
quickly reaches a secular equilibrium with

235

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

234

U/214Bi chronometer also does not use the direct progeny

rather distant relation (234U →

-

230

Th →

226

Ra →

222

Rn →

chronometer is only applicable to HEU where

234

materials allowing enough time for a quantifiable

214

The

218

Po →

230

Th of

234

214

Pb →

214

U, but a

Bi). This

U is abundant or to old uranium

Bi ingrowth (Stanley 2012).

233

U/229Th chronometer is not very often employed in the age determination of

uranium as 233U is rare in most uranium samples (Stanley 2012).

1.4.2

Age determination of Plutonium

Table 1-4 lists the chronometers (241Pu/241Am,

238

Pu/234U,

239

Pu/235U,

240

Pu/236U and

242

Pu/238U) used for plutonium age determination and the respective half-lives of the parent

(241Pu, 238Pu,

239

Pu,

240

Pu and

242

Pu) and daughter nuclides (241Am,

234

U,

235

U,

236

U and

238

U).

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, Surányi et al. 2007; Zhang, Zhu et al. 2008; Shinonaga, Donohue et al. 2009;
Ramebäck, 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

241

Pu/241Am chronometer. Given analytical strategy and instrumentation often

used for determining the age of a plutonium sample via the
(determination of

241

241

Pu/241Am chronometer

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,
Lützenkirchen 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
quantitatively 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, Lützenkirchen 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 particles.
Chapters 1.4.2.1 to 1.4.2.3 discuss plutonium age determination via the chronometers
241

Pu/241Am,

238

Pu/234U,

239

Pu/235U,

240

Pu/236U and

242

Pu/238U. 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 238Pu/234U, 239Pu/235U, 240Pu/236U and 242Pu/238U.

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

238

(IAEA 1986)

2.457(3) × 10

5

(IAEA 1986)

239

(IAEA 1986)

7.037(7) × 10

8

(IAEA 1986)

2.342(3) × 10

7

(IAEA 1986)

240
241
242

Pu/

234

U

87.7(3)

Pu/

235

U

2.411(3) × 10

Pu/

236

U

6563(7)

Pu/

241

Am

14.325(24)

Pu/

238

U

4

3.735(11) × 10

(IAEA 1986)

(Wellum, Verbruggen et al. 2009) 432.7(5)
5

(IAEA 1986)

(IAEA 1986)

4.468(5) × 10

9

(IAEA 1986)

1.4.2.1 The 241Pu/241Am chronometer for plutonium age determination
Out of the 23 publications listed in Table 1-5 eighteen employ the

241

Pu/241Am chronometer

(Kirby and Sheehan 1984; Moody 1995; Wallenius and Mayer 2000; Keegan and Gehrke
2003; Nguyen 2006; Nygren, Ramebäck et al. 2007; Varga, Surányi et al. 2007; Wallenius,
Lützenkirchen et al. 2007; Zhang, Zhu et al. 2008; Chen, Chang et al. 2009; Shinonaga,
Donohue et al. 2009; Spencer, Tandon et al. 2009; Ramebäck, Nygren et al. 2012;
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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

241

Pu/241Am chronometer (Kirby and Sheehan 1984; Keegan and

Gehrke 2003; Nguyen 2006; Varga, Surányi et al. 2007; Zhang, Zhu et al. 2008; Shinonaga,
Donohue et al. 2009; Ramebäck, 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

241

Pu/241Am chronometer are gamma spectrometry

(Wallenius and Mayer 2000; Keegan and Gehrke 2003; Nguyen 2006; Wallenius,
Lützenkirchen et al. 2007; Ramebäck, Nygren et al. 2012) and alpha spectrometry in
combination with either TIMS or with ICP-MS (Kirby and Sheehan 1984; Moody 1995; Varga,
Surányi et al. 2007; Zhang, Zhu et al. 2008; Chen, Chang et al. 2009; Ramebäck, 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

241

Pu/241Am 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 241Pu/241Am chronometer.
It is also possible to determine

241

Am by mass spectrometry despite the similarity of its mass

241

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

241

Pu/241Am chronometer has already been demonstrated (Wallenius and Mayer 2000;

Nygren, Ramebäck 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
lack of a suitable commercially available

241

Am is the

243

Am IDMS (Isotope Dilution Mass Spectroscopy)

CRM spike. This problem not only occurs during the age determination of plutonium via the
241

Pu/241Am chronometer, but also during the accurate determination of

241

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

243

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

243

Am CRM spike (Fankhauser, Jakopič et al.

2016). Experiments concerning the age determination of plutonium via the

241

Pu/241Am

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
conducted at EC-JRC. The certification of this

243

Am IDMS CRM spike

243

Am CRM spike is, however, outside the

scope of this doctorate thesis.
1.4.2.2 The 240Pu/236U, 239Pu/235U and 238Pu/234U chronometers for plutonium age
determination
As far as plutonium chronometry via the Pu/U chronometers is concerned, usually at least
three chronometers

238

Pu/234U,

239

Pu/235U and

240

Pu/236U are examined in parallel. These

three chronometers are discussed in this chapter while the

242

Pu/238U 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
(238Pu/234U,

239

Pu/235U and

240

Pu/236U) (Moody 1995; Wallenius, Peerani et al. 2000;

Wallenius, Tamborini et al. 2001; Wallenius, Lützenkirchen 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, Lützenkirchen et al. 2007; Spencer,
Tandon et al. 2009; Sturm, Richter et al. 2014; Sturm, Richter et al. 2016) and ICP-MS
(Nygren, Ramebäck 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,
Lützenkirchen et al. 2007).

The 240Pu/236U chronometer for plutonium age determination
Concerning the Pu/U chronometers, the 240Pu/236U 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 236U is not present in natural uranium (De Laeter, Boelke et
al. 2003). The risk of an alteration of the age dating result of the
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240

Pu/236U chronometer by

non-radiogenic uranium rich in

236

U has been assessed and discussed in detail by Sturm et

al. (Sturm, Richter et al. 2014) and was deemed unlikely. Hence, the

240

Pu/236U 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

240

Pu/236U 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 240Pu/236U chronometer: The 240Pu/236U chronometer is often used
in combination with the

238

Pu/234U and

239

Pu/235U chronometers (Moody 1995; Wallenius,

Peerani et al. 2000; Wallenius, Tamborini et al. 2001; Wallenius, Lützenkirchen 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
240

Pu/236U chronometer among the Pu/U chronometers (Nygren, Ramebäck et al. 2007;

Chen, Chang et al. 2009) and one uses the

240

Pu/236U chronometer in combination with the

239

Pu/235U chronometer only (Wallenius, Peerani et al. 2000).

The 239Pu/235U chronometer for plutonium age determination
The

239

Pu/235U 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

238

Pu/234U and the

240

Pu/236U 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

239

Pu/235U in combination with other Pu/U chronometers (Moody 1995; Wallenius and

Mayer 2000; Wallenius, Peerani et al. 2000; Wallenius, Tamborini et al. 2001; Wallenius,
Lützenkirchen 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 238Pu/234U chronometer for plutonium age determination
The
239

238

Pu/234U chronometer’s result is less straightforward to obtain than those for the

Pu/235U and

240

Pu/236U chronometers. A peak-tailing correction needs to be performed for

the considerably smaller 238Pu signal for influences from the significantly bigger
to avoid artefacts. However it is worthwhile employing the

238

Pu/

234

239

Pu in order

U chronometer, as it is as

powerful indicator for incomplete removal of the radiogenic uranium daughters at the
‘production date’ in case the

238

Pu/234U chronometer gives a younger age compared the
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239

Pu/235U and

240

Pu/236U (and

242

Pu/238U) chronometers. Furthermore, the

238

Pu/234U

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
been used in combination with both the

238

Pu/234U chronometer has exclusively

239

Pu/235U chronometer and the

240

Pu/236U

chronometer (Moody 1995; Wallenius, Peerani et al. 2000; Wallenius, Tamborini et al. 2001;
Wallenius, Lützenkirchen 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 242Pu/238U chronometer for plutonium age determination

The nuclide pair

242

Pu/238U 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

242

Pu. In addition to that, the amount content of

238

Pu present in plutonium samples is usually substantial. This poses an analytical challenge

as the masses of

238

Pu and

238

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

238

U amount content. Either additional methods such as alpha spectrometry for the

determination of the remainder of

238

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

239

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 (241Pu/241Am,

238

Pu/234U,

239

Pu/235U and,

240

Pu/236U)

available for the age determination of plutonium.
On the other hand, the low amount content of radiogenic
renders the

242

Pu/

238

238

U in aged plutonium samples

U chronometer extremely sensitive to the presence of non-radiogenic

uranium. Especially as 238U 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

242

Pu/238U 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

242

Pu/238U 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

238

U were dismissed

as traces of NU from chemicals used in the preparation of the samples for measurement
although ‘not comfortably so’ as more

238

U than expected from chemicals had been found

(Moody 1995).
Some interest in the

242

Pu/238U 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

242

Pu/238U 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

238

x

x

x

Pu/

234

U

239

x

Pu/

235

U

240

x

Pu/

236

U

242

x

238

U

241

Pu/

241

Am Method
Alpha/MS

b

(Kirby and Sheehan 1984)

b
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x
x

TIMS
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x
x

TIMS
Gamma

b

(Wallenius and Mayer 2000)

x

x

x

x

TIMS

b
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x

x

SIMS

p
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x
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b
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x

Gamma

b

(Nguyen 2006)

x
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b
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x

Gamma
SIMS
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b
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x
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b
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x
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(Zhang, Zhu et al. 2008)

x
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(Shinonaga, Donohue et al.
2009)

x

x

TIMS
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x

x
x
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b
Alpha/ICPMS
Alpha/LSC

(Chen, Chang et al. 2009)

x
x
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x
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p
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x
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p
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TIMS

b
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ICP-MS

p

(Miyamoto, Suzuki et al. 2015)

x

x

x
x

x

x
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x
x

x

x
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x

x

x
x

b

b

b

x

x

x

x

TIMS

b
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x

x

x

x

ICP-MS

b
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Alpha/
TIMS

b

(Alamelu and Aggarwal 2016)

x
x

x

x

x

TIMS/CPC b
TIMS/
Alpha/
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x
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(Byerly, Stanley et al. 2016)

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 recertify existing CRMs in order to issue up-dated certificates and to create new CRMs needs
to be undertaken (Jakopič, 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, Illinois, 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 (Jakopič,
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 basis by applying

state-of-the-art

measurement

procedures

(Jakopič,

Verbruggen et al. 2010).
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 (Jakopič, Sturm et al. 2013; Jakopič, 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 Bièvre and Debus 1965; De
Bièvre 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
233

U (Jakopič, 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

233

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

233

U and

236

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).
o

‘Isotopic CRMs’ or ‘Isotopic Reference Materials’ (IRMs) (Jakopič, 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
especially

of

interest

for

verification

235

U/238U and

measurements

240

Pu/239Pu are

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.
234

U/238U and

236

U/238U (Richter and Goldberg 2003; Richter, Kühn 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 UF6 CRMs are distributed in Monel (copper-nickel alloy)
ampoules (IRMM 2015) or occasionally P-10 Teflon tubes which are
frequently used for subsampling UF6 (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 U3O8 for uranium
(Neuhoff 2008), and dried plutonium nitrate (De Bièvre 1996) or plutonium
sulphate tetrahydrate for plutonium (Uriano 1982).

o

Liquid 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).

o

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
(Buják,

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 (Jakopič, 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
234

U/230Th 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 radiochronometry standards for uranium age determination based on the

234

U/230Th 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-1027o 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 (Jakopič,
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-1027o is
certified for the isotopic composition of uranium and plutonium and the respective
masses of uranium and plutonium per unit (Jakopič, 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 (234U in case of IRMM-1000a and
IRMM-1000b) and the subsequent increase (and also radiogenic decay) of the
daughter nuclide (230Th). 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, Ramebäck 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, Ramebäck 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 (238Pu/234U,
employed chronometer

239

Pu/235U,

240

Pu/236U and

242

Pu/238U), especially when the rarely

242

Pu/238U 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
241

Pu/241Am chronometer via gamma spectrometry (Keegan and Gehrke 2003; Nguyen

2006). In the case of uranium age determination, the chronometer

234

U/230Th 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
234

235

U/231Pa chronometer and the

U/214Bi chronometer can be used exclusively for the age determination of HEU (Varga and

Surányi 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 (Bürger, 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 234U/230Th 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.

-

quantitative 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

234

U/230Th 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 interlaboratory comparison, as was done according to ISO 17043:2010 with IRMM-1000a and
IRMM-1000b in the inter-laboratory comparison REIMEP-22 (Regular European Inter50

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 stateof-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).
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1.6

1.6.1

Methodology

Thermal Ionization Mass Spectrometry

Thermal Ionization 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 (Bürger,
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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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 µL) 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 (Bürger, 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 (235U
in Figure 1-4) are evaporated predominately in the beginning of the measurement while the
heavier nuclides (235U 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

235

U/238U ratio. Hence, TE measurements of uranium and plutonium major

isotope ratios are deemed suitable for IAEA safeguards measurements without applying
mass fractionation corrections (Bürger, 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 SI 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 235U/238U 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; Kühn 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 233U, 234U, 235U, 236U, and 238U, and for plutonium

238

Pu, 239Pu, 240Pu, 241Pu,

242

Pu and 244Pu. 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 233U spike IRMM-3630.0.4 (Richter, Alonso et al.
2009) showing uranium signals (233U, 234U, 235U, 236U, 238U) 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 (Bürger,
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, Kühn 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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187

Optimization of the analyte ionization and ion detection:
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

187

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

187

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

187

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.
238

U signal ion source tuning. In this step, a switch is made from monitoring 187Re 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 238U. This does not apply in some cases such as with samples
of HEU. However, even then the analyst can usually expect a sufficiently abundant

238

U

ion signal.
The evaporation filament current is increased subsequently until the

238

U signal exceeds

30 mV. Ion source focusing and peak centering steps are then performed on this signal
as described above for

187

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
233

U,

234

U,

235

U,

236

U and

238

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
(Bürger, 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,

239

Pu is usually used as the pilot mass to optimize the

formation and transition of plutonium ions to the detector array. The signals of
240

Pu,

241

Pu,

242

Pu, and

238

Pu, 239Pu,

244

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

238

U signal during filament heating, as described above,

235

was decided upon due to the fact that only minute amounts of radiogenic

U was used. This

238

U are present in

aged plutonium samples. Additionally, the 238 mass (both 238U and 238Pu) was excluded from
sum of the signals (233U,

234

U,

235

U, and

236

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
are present in the purified uranium fraction of aged plutonium samples, but
distinguished from

238

Pu

238

Pu cannot be

238

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).

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 235U/238U (Richter, Kühn et al. 2011):

n(235U)
n(238U)

=

∑ I(235U)
∑ I(238U)

=

∑[I(238U)×

I(235U)
]
I(238U)

Equation 1.6.1.1

∑ I(238U)

58

n(235U)/n(238U) is the result of the determination of the
I(235U) and I(238U) are the signal intensities in V for
recorded during data acquisition. I(
ratios of the signal intensities of
intensities (I(

235

U/238U isotope ratio in the sample.

235

U and

238

U respectively, which are

235

U) can also be expressed as the sum of the recorded

235

U/238U (I(235U) * I(238U)-1) weighted by the

238

U ion signal

238

U)) (Richter, Kühn 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 Φ, and EF
represents the electrochemical potential of electrons inside the material, also called the
‘Fermi level’ (Kittel 2004).

𝑊 = −𝑒𝛷 − 𝐸F

Equation 1.6.1.2

Carbon is believed to change the work function of the filament. When applying heat, a solidsolid 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_×_10-6 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 × 10-3 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 uncarburized 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
and

240

Pu/236U,

239

Pu/235U,

238

Pu/234U

242

Pu/238U. 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

239

Pu/235U,

240

Pu/236U and

238

Pu/234U 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
239

Pu,

240

Pu and

242

Pu was the uncertainty of the amount content of

242

Pu in the spike used

for Pu IDMS IRMM-049c (De Bièvre 1997).
As far as the

238

Pu/234U chronometer is concerned, the uncertainty of the amount content of

242

Pu in the plutonium IDMS spike is still the major contributor to the uncertainty of the

amount content of
239

Pu on the

238

Pu despite the need for a peak tailing correction for the influence of

238

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
62

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

242

Pu/238U chronometer is largely

dominated by the by the uncertainty of the amount content of

238

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 SI 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 Bièvre
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

235

U/238U 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 SI 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, Kühn 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 R235-U/238-U_Std_certified and the measured isotope ratio in the standard R235-U/238U_Std_measured

shown here for uranium (Richter, Kühn et al. 2011).

R235-U/238-U_Std_certified

K=R

Equation 1.6.2.1

235-U/238-U_Std_measured

The mass fractionation factor K is subsequently used to correct the measured
isotope ratio in the sample as shown in Equation 1.6.2.2. The corrected

235

U/238U

235

U/238U ratio is

named R235-U/238-U_sample_corrected, while R235-U/238-U_sample_measured stands for the measured
235

U/238U isotope ratio.

R235-U/238-U_sample_corrected = R235-U/238-U_sample_measured ×K

3/3

Equation 1.6.2.2

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

234

U/238U ratio, R234-U/238-U_sample_corrected, from the measured

234

U/238U ratio, R234-U/238-

U_sample_measured.

R234-U/238-U_sample_corrected = R234-U/238-U_sample_measured ×K
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4/3

Equation 1.6.2.3

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 Bièvre and
Debus 1965; De Bièvre and Peiser 1997). Equation 1.6.2.4 gives an example for the
calculation of the amount content of 239Pu by IDMS.

c239‐Pu_sample =

c242‐Pu_spike × R239‐Pu/242‐Pu_sample × mspike × (R239‐Pu/242‐Pu_spike ‐ R239‐Pu/242‐Pu_blend)
msample × (R239‐Pu/242‐Pu_blend ‐ R239‐Pu/242‐Pu_sample)
Equation 1.6.2.4

c239-Pu_sample represents the amount content of
known (certified) amount content of
(certified)
239

Pu/

239

Pu/

239

Pu in the sample while c242-Pu_spike is the

242

Pu in the IDMS spike. R239-Pu/242-Pu_spike is the known

242

Pu ratio in the spike, while R239-Pu/242-Pu_sample and R239-Pu/242-Pu_blend are the

242

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 and msample. For sample NBS 946, CRM IRMM-049c (De Bièvre 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 workbench 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

239

Pu/235U, 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.

t=−

1−R
𝐾

ln

Equation 1.6.2.5

𝐵

Ut

235

R = 239Pu

K=λ

Equation 1.6.2.6

t

λ239Pu
- λ239Pu

Equation 1.6.2.7

235U

B = λ235U - λ239Pu

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

235

U from the parent nuclide

239

Pu and the calculation date of the age of the sample. In Equation 1.6.2.6,

represent the amount contents of
the ratio of

235

U/

239

239

Pu and

235

239

Put and

235

Ut

U at the present time, and hence R stands for

Pu at the present time. The decay constants 239Pu and 235U used in

Equation 1.6.2.7 and Equation 1.6.2.8 can be calculated from the half-lives of 239Pu and 235U,
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 235U into account.
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1.6.2.1 Uncertainty contributions to the age dating result of the 240Pu/236U
chronometer
The

240

Pu/236U 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 halflife of

240

Pu of 6563(7) a (IAEA 1986) followed by the amount content of the parent nuclide

240

Pu and the amount content of the daughter nuclide

236

U. The half-life of

236

U’s contribution

to the uncertainty budget is not displayed as its contribution to the total combined uncertainty
was less than 0.01 %. The

236

U half-life used for the calculation was 2.342(3) × 107 a (IAEA

1986).
The lower left part of Figure 1-8 shows the major factors contributing to the uncertainty of the
amount content of

236

U. The amount content of

233

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
233

U/235U and of

the measured ratios of

236

U/235U in the IDMS blend also contribute

significantly to the total combined uncertainty of the amount content of
sources of uncertainty such as the ratio of

235

236

U. Other possible

U/233U in IRMM-3630 and the

236

U half-life

(IAEA 1986) taken into account contributed to less than 0.01 % of the total combined
uncertainty. The

236

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

240

Pu. The amount content of

242

Pu in the spike used for Pu IDMS

IRMM-049c (De Bièvre 1997) clearly dominates the uncertainty budget of the amount content
of

240

Pu. The mass of the spike IRMM-049c in the IDMS blend, the measured

239

Pu/242Pu

ratio in IDMS blend, the mass of the sample in the IDMS blend and the measured 240Pu/239Pu
ratio in the un-spiked sample also contribute to some extend to the total combined
uncertainty of the amount content of

240

Pu. Other possible sources of uncertainty such as the

half-lives of the concerned Pu nuclides (IAEA 1986) and the certified
049c (De Bièvre 1997)

239

Pu/242Pu in IRMM-

taken into account contributed to less than 0.01 % of the total

combined uncertainty.
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Uncertainty Contributions to the
240Pu/236U age dating result
Half-life of Pu-240
31.10%

62.40%

Amount content of
U-236
Amount content of
Pu-240

6.50%

Amount content of U-236
10.80%

0.40%

Measured Pu-240/Pu-239 ratio
in the un-spiked sample

14.90%

Amount content of Pu-242 in
IRMM049c

1.10%

Amount content of U-233
in IRMM3630
23.40%

49.10%

Amount content of Pu-240

Measured U-236/U-235
ratio in IDMS blend

5.60%

5.20%

Mass of the sample in the
IDMS blend

11.10%

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

Mass of the spike in the
IDMS blend

78.50%

Measured U-233/U-235
ratio in IDMS blend

Mass of the sample in the
IDMS blend
Mass of the spike in the IDMS
blend

Figure 1-8: Uncertainty contributions to the age dating result of NBS 946 via the 240Pu/236U chronometer.
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Figure 1-9: Uncertainty contributions to the age dating result of NBS 946 via the 239Pu/235U chronometer.
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1.6.2.2 Uncertainty contributions to the age dating result of the 239Pu/235U
chronometer
For the age dating result of the

239

Pu/235U chronometer the major factors contributing to the
240

Pu/236U chronometer. The

total uncertainty are similar to those for the

239

Pu/235U

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
239

Pu of 2.411(3) × 104 a (IAEA 1986), the amount content of the parent nuclide 239Pu and the

amount content of the daughter nuclide

235

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

236

U half-life used for the calculation was 7.037(7) ×

108 a (IAEA 1986).
The uncertainty budget of the amount content of

235

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
233

Figure 1-9. The amount content of
blend and the measured ration of

U in IRMM-3630, the mass of the sample in the IDMS

233

U/235U in the IDMS blend also contribute significantly to

the uncertainty of the amount content of 235U.
The lower right part of Figure 1-9 shows the major factors contributing to the uncertainty of
the amount content of

239

Pu. The situation is very similar to the uncertainty of the amount

content of 240Pu described above. The amount content of

242

Pu in the spike used for Pu IDMS

IRMM-049c (De Bièvre 1997) clearly dominates the uncertainty budget followed by the mass
of the spike IRMM-049c in the IDMS blend, the measured

239

Pu/242Pu 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 238Pu/234U
chronometer
For the age dating result of the

238

Pu/234U chronometer the major factors contributing to the

total uncertainty are similar to those for the

240

Pu/236U and

239

Pu/235U chronometer. The

239

Pu/235U 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

238

Pu of 2.411(3) × 104 a (IAEA 1986) accounts for more than 90% of the total
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combined uncertainty of the age dating result of the
content of the parent nuclide

238

Pu/234U chronometer. The amount

238

Pu and the amount content of the daughter nuclide

234

U also

contribute significantly to the uncertainty budget. The contribution of the amount content of
the daughter nuclide 234U is in this case, however, less than 1 %.
The uncertainty budget of the amount content of

234

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
blend and the

233

U/

235

U and

234

U/

233

U in IRMM-3630, the mass of the sample in the IDMS

235

U ratio measured in the IDMS blend also contribute

significantly to the uncertainty of the amount content of 235U.
The lower right part of Figure 1-10 shows the major factors contributing to the uncertainty of
the amount content of

238

Pu. The amount content of

242

Pu in the spike used for Pu IDMS

IRMM-049c (De Bièvre 1997) once again plays a dominant role in the uncertainty budget.
In the case of

238

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

238

Pu/239Pu 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 238Pu/234U
chronometer’s age dating result (40.09 +/- 0.29 a) compared to those of the
+/- 0.11 a) and the

240

Pu/236U (41.16

239

Pu/235U chronometers (41.12 +/- 0.12 a). The mass of the sample and

the spike IRMM-049c in the IDMS blend, the measured

239

Pu/242Pu ratio in the IDMS blend

also contributed significantly to the uncertainty of the amount content of

70

238

Pu.
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Figure 1-10: Uncertainty contributions to the age dating result of NBS 946 via the 238Pu/234U chronometer.

1.6.2.4 Uncertainty contributions to the age dating result of the 242Pu/238U
chronometer
The

242

Pu/238U 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

242

Pu/238U 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

238

U.

The only other factor that contributes more than 0.01 % to the total combined uncertainty is
the half-life of

242

Pu of 3.735(11) × 105 a (IAEA 1986). The uncertainty contribution of the

amount content of

242

Pu to the age dating result in this case is insignificant. The factors

contributing to the uncertainty of the amount content of

242

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

238

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 (238U +
(

238

Pu) to

235

U and to mass 239

239

238

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

U 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).
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Figure 1-11: Uncertainty contributions to the age dating result of NBS 946 via the 242Pu/238U chronometer.
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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

243

been identified for the age determination of plutonium via the

Am IDMS spike CRM has

241

Pu/241Am 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

238

Pu/234U,

radio-chronometer

242

239

Pu/235U and

240

Pu/236U and the often neglected or dismissed

Pu/238U 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
146

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
242

Pu/238U 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-theart 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

238

Pu/234U,

239

Pu/235U, and

240

Pu/236U

chronometers in order to determine the age of plutonium samples but also demonstrated the
use of the

242

Pu/238U 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

238

U and

238

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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