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Abstract

The development of a detection method for the identification of a possible emission of
actinides into the Pacific Ocean by the Fukushima Daiichi Nuclear Power Plant (FDNPP)
accident, was the major aim of this PhD thesis. It is shown in this work that in addition
to the isotopic plutonium ratio 24°Pu/?3Pu, which is an important signature for different
contamination sources, the 24'Pu/?*Pu ratio has to be determined, to distinguish between
a Fukushima entry of actinides and nuclear weapon fallout in the Pacific Ocean. Further-
more, this study was aiming for the improvement of the data on the neptunium (**"Np)
distribution in the ocean. For the detection of the trace concentrations of actinides in the
order of mBq/m? in a small sample volume of 20 L ocean water, the ultra-sensitive method
accelerator mass spectrometry (AMS) was chosen. A chemical separation procedure for
Pu and Np based on extraction chromatography was developed using mass spectrome-
try and radiometric analysis to determine the chemical recovery. 2#'Am, which causes
isobaric background to *'Pu in mass spectrometric measurements, was separated with
a suppression of at least 10~* from Pu by this method. The detection method adjusted
to Pu and Np was successfully verified by analyzing the concentration of Pu in certified
reference material with AMS at the Maier-Leibnitz-Laboratory (MLL) in Munich. Due to
a temporary closure of the MLL, 12 sea water samples, collected in autumn 2012, were
prepared at the Radiochemie Miinchen and measured at the Vienna Environmental Re-
search Laboratory (VERA). The sampling station closest to the FDNPP was located at a
distance of 39.6 km. Three of the samples showed a slightly elevated ?1°Pu/?3*Pu ratio of
up to 0237903 compared to global fallout (**°Pu/?*Pu = 0.180 4 0.007), whereas all mea-
sured 24'Pu/?*Pu ratios were clearly consistent with nuclear weapon fallout (**Pu/?3Pu
< 2.4-1073). An upper limit for the dissolved amount of ***Pu released by the Fukushima
accident of 10 MBq was estimated from the average ?*'Pu/?*Pu ratio of 675-107 at the
sampling station located closest to FDNPP. Pu with the signature of weapon grade Pu
was found off the US West Coast. A preceding emission from Hanford Site seems most

likely. The data for 2*"Np indicate a distribution in the water column different from Pu.






Zusammenfassung

Die primére Zielsetzung dieser Arbeit war, einen moglichen Eintrag an Transuranium
Elementen in den Pazifischen Ozean durch den Reaktorunfall von Fukushima zu identi-
fizieren. Das Plutonium (Pu) Isotopenverhiltnis ?*°Pu/?*Pu wurde bereits in der Ver-
gangenheit erfolgreich als Fingerabdruck verschiedener Kontaminationsquellen verwen-
det. Wie in der vorliegenden Arbeit gezeigt wird, muss im Pazifischen Ozean zur Unter-
scheidung einer Emission von Aktiniden durch Fukushima und Fallout aus Kernwaffen-
tests, zusitzlich das ?*'Pu/?*Pu Verhiltnis bestimmt werden. Ein weiteres Ziel dieser
Studie war die Verbesserung der Datenlage beziiglich der Neptunium (*3"Np) Verteilung
im Ozean. Um Spurenkonzentration von Aktiniden in der Gréfenordnung mBq/m? in
relativ kleinen Probenvolumina von 20 L. Meerwasser nachweisen zu konnen, wurde die
ultra-sensitive Beschleuniger Massenspektrometrie eingesetzt (AMS). Im Rahmen dieser
Arbeit wurde eine chemische Prozedur zur Pu und Np Trennung basierend auf Extrak-
tionschromatographie entwickelt, und deren Ausbeute mittels Massenspektrometrie und
radiometrischer Analyse bestimmt. Mit dieser chemischen Separationsmethode konnte
241 Am, welches bei allen massenspektrometrischen Messungen isobaren Untergrund von
24Py verursacht, um vier Grofenordnungen unterdriickt werden. Die auf Pu und Np
optimierte Nachweismethode wurde erfolgreich am Maier-Leibnitz-Laboratorium (MLL)
in Miinchen validiert, indem die Pu und Np Konzentrationen in einem zertifizierten Ref-
erenzmaterial mittels AMS analysiert wurden. Aufgrund einer temporaren Schliefung
des MLL, wurden 12 Wasserproben, welche im Herbst 2012 im Pazifik genommen wur-
den, an der Radiochemie Miinchen aufbereitet und am Vienna Environmental Research
Laboratory (VERA) gemessen. Die dem Kernkraftwerk Fukushima am néchsten gelegene
Probenposition befand sich in einem Abstand von 39.6 km. Drei Proben zeigten im Ver-
gleich zu globalen Fallout (**°Pu/#Pu = 0.18040.007) ein leicht erhdhtes 24°Pu/#Pu
Verhiltnis von bis zu 0.23700:, wohingegen alle 24'Pu/?*Pu Verhiltniss eindeutig kom-
patibel mit denen von Kernwaffen-Fallout (**'Pu/?Pu < 2.4-1073) waren. Anhand des
durchschnittlichen ?*'Pu/?*Pu Verhiltnisses der dem Kernkraftwerk am niichsten gele-
genen Probenposition von 675-107%, konnte eine Obergrenze von 10 MBq fiir das durch
den Reaktorunfall freigesetzte und im Meerwasser geloste 23°Pu abgeschitzt werden. Pu,
welches vor der Westkiiste der USA gefunden wurde, zeigte die Signatur von waffenfdhigem

Pu, was durch eine zuriickliegende Freisetzung durch Hanford Site erklart werden konnte.



Die #"Np Daten deuten auf eine andere Verteilung in der Wasserséule als fiir Pu hin.
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1. Introduction

Since the detonation of the first nuclear weapon in 1945, anthropogenic transuranium el-
ements (TRU) continuously entered the environment due to reprocessing plants, nuclear
accidents and in particular nuclear weapon testing. In comparison, the natural abundance
of TRU mainly produced in uranium ores, is negligible. As events like the Fukushima
accident in 2011 and the most recent nuclear weapon test by North Corea in 2016 have
shown, there is a significant risk for TRU release also in the future. Consequently, it is
important to study the physio-chemical behaviour of TRU in the environment to predict
locally increased concentrations and possibilities to enter the human food-chain. Espe-
cially plutonium (Pu) shows a variety of processes in natural waters and a considerable
radiotoxicity mainly due to its long-lived isotopes 23*Pu and ?*°Pu, which are the reasons
for a large number of publications on these isotopes, whereas the research in particular
on Np is considered to lag 20-30 years behind [1]. The isotopic ratio 2°Pu/?3*Pu has
proven very useful as signature for different contamination sources. In this way, a differ-
ent transport of Pu according to the type of nuclear weapon fallout in the Pacific Ocean

was observed [2].

Since March 2011, when the Fukushima Daiichi Nuclear Power Plant (FDNPP) accident
happened, there is another possible source for TRU in the Pacific Ocean apart from nu-
clear weapon fallout. Pu released into the atmosphere by the FDNPP has already been
identified in soil and litter samples collected close to the NPP (Nuclear Power Plant), but
the detected concentrations are not of radiological concern |3, 4]. Even though several
studies could demonstrate that also the amount of Pu which might have been emitted
into the Pacific Ocean is not radiologically relevant, a general release of TRU could not
be definitively excluded so far. It is known that during the accident considerable amounts
of partially highly contaminated effluents originating from the inner structure of the re-
actor, have entered the Pacific Ocean [5]. A release of TRU from the molten fuel would
represent a physio-chemical form different from the weapon fallout. This allows to study

its distribution and behaviour in the ocean.

The most sensitive detection method for long-lived isotopes, Accelerator Mass Spectrom-
etry (AMS), was applied in this study to answer the question of a possible release of TRU,
in particular Pu and Np into the Pacific Ocean by the FDNPP. It is shown in this work,

13



1. Introduction

that the 24°Pu/?3Pu ratio is not sufficient to clearly identify a FDNPP entry, but the
241Py /239Py has to be determined in addition. However, as *'Pu concentrations in ocean
water due to fallout are very low, an ultra-sensitive technique like AMS had to be used
to detect this isotope in comparable small sample volumes of 20 L per sampling station.
Samples were collected in autumn 2012 by the GEOTRACES program [6]. It was decided
to use these valuable samples also to improve the overall data on the ?*"Np distribution

in the Pacific Ocean.

The AMS set-up at the Maier-Leibnitz-Laboratory (MLL) has already proven to reach
the required sensitivities for the respective Pu isotopes in environmental samples like
manganese nodules|7|, but the beam line, now used for the detection of actinides, has
been upgraded in the meantime [8, 9]. Consequently, not only the measurement procedure
but also the sample preparation method had to be adjusted to the present application. The
primary aim of the sample preparation was the chemical separation of ?4!Pu, an almost
pure 3~ emitter, from its daughter nuclide ! Am, which cannot be distinguished by mass-
spectrometric means. In order to increase the overall detection efficiency for Pu and Np,
both elements also have to be separated chemically, so that AMS samples for each element
can be produced from one water sample. For this purpose, a procedure based on extraction
chromatography using TEVATM resin already proposed in earlier publications [10, 11| was
developed further. Several reagents applied in these procedures [12] had to be eliminated
from the separation method, as their use is off-limits in the laboratory of the MLL. For the
estimation of the chemical yields, the procedure also had to meet the requirements of «
and v spectrometry and ICP-MS (Inductively Coupled Plasma Mass Spectrometry), apart
from the demands of AMS. After the successful validation of the separation method with
certified reference material provided by the IAEA (International Atomic Energy Agency),
it was applied to the Pacific Ocean water samples. However, due to a temporary closure
of the MLL, samples were prepared at the Radiochemie Miinchen (RCM) and measured
at the Vienna Environmental Research Accelerator (VERA), where actinide detection is
already well established [13, 14].

This work starts with an introduction to the nuclear and chemical properties of TRU with
focus on Pu and Np, which determine their concentrations and behaviour in sea water.
Different sources and the respective isotopic ratios are discussed, in particular for the
Pacific Ocean. Chapter 3 gives an overview of the events during the FDNPP accident.
Apart from the radioactive release, also results of previous Pu studies after the accident
are presented in this chapter and the applied method to identify an entry of actinides
into the Ocean is explained. In chapter 4, the ocean samples and the applied chemical
separation procedure is described. The results for the chemical Pu and Np recovery and
the applied detection techniques can be found in chapter 5. The AMS set-up at the MLL

and the measurement procedure is presented in chapter 6 and differences to the set-up at
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VERA are discussed. The results of the Pu and Np concentrations and isotopic ratios in
Pacific Ocean water are shown in chapter 7 along with the results for the IAEA reference
material. Implications for the release from the FDNPP accident or other sources are
discussed. At the end, a conclusion and an outlook to the remaining Pacific Ocean water

samples are given.

In this work, atomic ratios play an important role. Unless otherwise mentioned, any ratio
written as e.g. 249Pu/?Pu refers to the atomic ratio, not the mass or activity ratio which
are explicitly denoted as e.g. m(**9Pu)/m(**Pu) or A(**°Pu)/A(*°Pu), respectively.
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2. Chemical and physical
characteristics of the relevant

transuranium elements

Nuclear activities of mankind lead to an enrichment of actinides in the environment and
are generally based on neutron induced fission of uranium (U). Neutron capture on U
which does not fission causes the build-up of the transuranium elements (TRU). This
chapter describes the production paths of this group of elements along with the nuclear
and in particular the chemical properties of the isotopes studied in this project, which
define their behaviour in sea water but also during sample preparation. These elements
are plutonium (Pu) and neptunium (Np) in the first place, but also americium (Am) whose

chemical properties are essential for sample preparation.

2.1. Discovery and nuclear properties of Pu and Np

The first transuranium element was discovered by McMillan and Abelson in 1940, who

produced element 93, which was later given the name neptunium, via the reaction

B~ (23.5min)

U (n,7) 53°U 55’ Np (2.1)

which then further decays with a half-life 2.355d to 23°Pu, also by 3~ emission. In 1940
and 1941, Pu was synthesized for the first time by G. T.Seaborg and his co-workers [15]
at Berkeley National Laboratory. For this purpose, uranium oxid was bombarded by
deuterons which had been accelerated by an cyclotron to an energy of 16 MeV. In this (d,
2n) reaction, 2¥Np was produced in the first place which decayed via 3~ emission with
a half-life of 2.1days to 2*®Pu. Np and Pu could be distinguished by the in-growth of

a-activity due to the decay of 2**Pu.

In addition, Seaborg also found naturally occurring Pu in pitchblende concentrate from
Canada in 1948 [16], and could show later in cooperation with C. A. Levine that it was iso-

topically pure 2**Pu[17|. He identified a ?3Pu concentration of m(?3°Pu)/m(ore) = 10712

17



2. Chemical and physical characteristics of the relevant transuranium elements

in the Canadian pitchblende. These trace amounts of 2*Pu could be explained by neu-
tron capture on 2**U and subsequent 3-decay as presented by eq. (2.1). The presence of
neutrons in the ore were thought to originate from spontaneous fission of uranium, (a,n)
reactions or spallation reactions of cosmic rays|[15, 16]. Also trace amounts of the long-
lived neptunium isotope, 2"Np, can be found in nature. Relative atomic concentrations
of 23"TNp /238U = 21072 were detected in Katanga Pitchblende [18].

Isotope T/, Decay o(ny,f) [b] o(nm,y) [b]
B6py 2.858 a a, sf 160 -
B9Py 2.41-10%a a, sf 752 270
240py 6.56-10% a a, sf 0.059 290
Mpy 14.35a B, sf, a 1010 370
22py 3.75-10° a a, sf < 0.2 19
244py 8.00-10" a a, sf - 1.7
B6Np 22.5h €, B~ 2700

1.54-10°a  a, €, B~ 3000
BTNp 2.144-10% a a, sf 0.020 170
B9Np  2.355d 8- <1 19

Table 2.1.: Nuclear characteristics of most relevant Pu and Np isotopes, with T} /,: half
life, o(nyp,f): cross-section for thermal neutron induced fission, sf: spontaneous

fission, o(n¢p,,y): neutron capture cross-section. [19].

Table Tab. 2.1 lists the nuclear characteristics of Pu and Np isotopes which are either
relevant for nuclear power production, nuclear weapons or radioanalytical application.
Considering the cross-sections for thermal fission, 2?Pu, 2*'Pu and #*Np are candidates to
be used as nuclear fuel. However, ?4'Pu and ?**Np are produced only in minor quantities
in a nuclear reactor (compare Ch.2.4) and in addition, the half-life of ?*'Pu is rather
short. 25Pu and ?*2Pu are frequently used as tracer in radioanalytics, especially for the
detection with a-spectrometry (see Ch.5). Due to their long half-lives, #%Pu, 21°Puy,
and 23"Np receive special attention regarding final storage of nuclear waste and long-term
environmental contamination. Because of its daughter product *'Am (T3, = 432.2a)
which decays to 2"Np, also ?*'Pu has to be considered in this context. The short-lived
isotope 2Np can be easily detected by 7-spectrometry and can be easily obtained from

its mother nuclide ?** Am via a-decay, which favors this nuclide as tracer in radioanalytics.

18



2.2. Chemistry

2.2. Chemistry

It is well-known that the chemical behaviour of the actinides is rather complex due to
their [Rn]5f6d7s electron configuration with the 5f, 6d and 7s orbitals being at almost
equal energy level. Therefore, for the actinides with lower atomic number until Am, the
5f orbitals are not efficiently shielded by the outer 6d orbitals, so that they can also
participate in chemical bonds. With increasing nuclear charge, the attraction of the 5f
orbitals by the nuclear core is enhanced so that those orbitals are hardly available for
chemical bonds [12]. Consequently, a rather different chemical behaviour of U, Np, and
Pu can be expected compared to the heavier Am and Cm. The actinides below Am show
a diversity of chemical processes which makes it hard to predict their ways of migration in
the environment. These processes are for example redox reactions, complexation, sorption,
precipitation, and also biosorption by microbes [20]. These actinides can exist in at least
two oxidation states simultaneously in the same solution, which determine the chemical

behaviour.

2.2.1. Oxidation states

The oxidation states of actinides can be influenced by a number of parameters as for
example pH, redox potential, complexing ligands which makes the understanding of their
chemical behaviour in aquaeous systems quite challenging. However, actinides in a certain
oxidation state show a similar behaviour [20]. Therefore, chemical effects related to the
oxidation state will be explained for plutonium in the following and can be transfered to

other actinides.

Plutonium

The most complex chemical properties of all actinides can be attributed to Pu, as it exists
in the oxidation states +III, +IV, +V, and +VI in solutions. Oxidation state +VII has
been also found, but as its existence is rather rare|21, 12|, it will be neglected in this
work. Pu can occur in at least four common oxidation states simultaneously in solutions
depending on the pH and the Eh (redox potential with respect to a standard hydrogen
electrode) value of the solution as all oxidation states are instable [22, 12|. The chemical
properties of the different oxidation states are strongly affected by hydrolysis which there-
fore has to be considered first. In an aqueous solution, Pu(III) and Pu(IV) are present
as hydrated cations Pu** and Pu?* whereas Pu(V) and Pu(VI) quickly hydrolize forming
2+
2

ionic bonds which results in the so-called plutonyl ions, PuO; and PuO3*, respectively.

Consequently, the effective charge of the different ion species decreases in the following

19



2. Chemical and physical characteristics of the relevant transuranium elements

order:
Pu*t(4+4) > PuO2"(+3.3) > Pu*"(4+3) > PuOJ (+2.2)

where the respective charge is given in brackets. Since the complexation strength signif-
icantly depends on the effective charge, it decreases in a similar order. Therefore, the
complex formation is most pronounced for Pu** leading to very stable complexes with
strong ligands such as fluoride (F~), carbonate (CO3~) or phosphate (PO} ™) but also hy-
droxide (OH™) (more detailed information can be found in [21]). Especially complexes
with OH™, i.e. hydrolysis, have a big influence on the solubility and sorption of Pu in
aqueous systems. One of the most important implications of the strong hydrolysis of Pu**
is a very efficient sorption of Pu(IV) to surfaces|22]. At environmental concentrations,
this is the dominating process to remove Pu from the water column (see Ch.2.2.2). A
very convenient way to represent the dependence of the oxidation states and hydrolysis on
Eh and pH is a Eh-pH diagram, as it is shown for the Pu-O-H system in Fig. 2.1 (a) [23].
It shows the dominating aqueous species and stable solid phases calculated from ther-
modynamic databases, which was the LLNL (Lawrence Livermore National Laboratory)
database in this case. Using different thermodynamic models can lead to significantly
different plots. However, the most important trend that all databases have in common,
is that III and IV predominate at reducing conditions and low pH, whereas V and VI
stabilize at oxidizing conditions and high pH. Oxidation states III and IV are commonly
referred to as reduced and V and VI as oxidized species. A similar behaviour can be ob-
served for Np and therefore, the same denotation will be applied. However, this situation
can be highly effected by the presence of complexing agents, so that the Eh-pH-diagram
can be considerably modified. For examples, it can be expected that pentavalent Pu
carbonates dominate even at low pH [21]. Concerning redox reactions, Pu shows a very
specific behaviour as the redox couples Pu(IIl) /Pu(IV) and Pu(V)/Pu(VI) are reversible.
That means the reactions III < IV and V < VI happen very fast whereas redox reac-
tions between a hydrated species and a plutonyl ion are very slow since bonds between
Pu and O have to modified in this case. Consequently, Pu can be usually found as a
mixture of the two oxidation states which form a reversible redox couple [22]. This has
some major implications on selective chemical procedures such as ion exchange, extraction

chromatography or precipitation, which are usually based on one specific oxidation state.

By interaction with itself, Pu can react by disproportionation in acidic solutions, for
example in the following way:

3Pu*t + 2H,0 < 2Pu?t 4 PuO3* 4 4H*

However, the expected concentrations of Pu in environmental samples are on trace level,

so that disproportionation reactions can be neglected. This also holds for Np and therefore
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2.2. Chemistry
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Figure 2.1.: Eh-pH diagram for the Pu-O-H system (a), the Np-O-H system (b) and the
Am-O-H system (c) at a concentration of 1071°M, 298.15 K, 10° Pa. The two
dashed diagonal lines represent the stability field of water. Taken from [23].

is not discussed further in this work. Furthermore, the hydrolized Pu*+ which is readily

formed even at pH = 0 can form colloids and various polymers.

The mechanisms of

colloid formation are still not fully understood and are an issue of current research |24,

25|. However, polymerization starts at concentrations larger than 107 M (mol/L) which

corresponds to approximately 5-10'7 atoms/L[20] which is several orders of magnitude
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2. Chemical and physical characteristics of the relevant transuranium elements

larger than the expected environmental concentrations and hence is not an issue to be

taken into account in this work.

Neptunium

Similar to Pu, in principle Np can exist in all oxidation states between +III and +VII.
However, the Eh-pH-diagram for Np in Fig. 2.1 (b) shows that in contrast to Pu, oxidation
states +IV and +V dominate over a large range of pH and Eh values and thus, are
considered as the most important ones. The oxidized Np readily forms the neptunyl ion
NpOj in an aquatic environment, which only weakly hydrolizes to NpO,OH at pH > 7.
By contrast, Np?™ is hydrolized already at highly acidic conditions (pH = 1). The higher
effective charge of Np** in general leads to a significantly higher complexation strength
compared to weakly complexing pentavalent Np [12, 22|. Disproportionation reactions
and colloid formation can also be observed for tetravalent Np if the concentrations are

sufficiently high.

Americium

The most important feature of Am chemistry is, that Am exists in the oxidation state
+IIT at usual redox potentials over the full pH range in aquaeous systems. Oxidation
state +IV can only be obtained if a strong oxidizing agent is added to Am in an alkaline
solution [25]. In contrast to Pu and Np also hydrolysis is not that pronounced which means
that Am(III) starts to hydrolize to Am(OH), at around pH = 6 (compare Fig. 2.1 (c)).

2.2.2. Behaviour in sea water

In natural waters, a large number of parameters determine the oceanic behaviour of
TRU. This is not only the redox potential, the pH and the concentration and type of
complexing agents, which can be changing with respect to the location in the ocean, but
also the physical and chemical form how the TRU entered the water column in addition
to biological processes. In general, the pH of the Pacific Ocean water ranges from 7.2 at
around 55°N to 8.1 at 25°N [26]. The redox potential strongly depends on the ion species
in the water, but for a usual composition of sea water an Eh value between 0.4 and 0.75,
i.e. oxidizing conditions, can be expected |27|. Looking on the Eh-pH-diagrams for the
simple actinide-O-H systems in Fig. 2.1, this gives oxidation state +IV for Pu and for
Np +1IV and predominantly +V. However, at low concentrations the stability of Pu(V)
is increased when it is complexed by carbonate ions, so that this oxidation state can

also be present, especially in oxidizing water layers. Typical concentrations of the most
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important inorganic constituents of sea water are listed in Tab.2.2. The dominance of
oxidation state IV for Pu and V for Np leads to substantial differences in the behaviour
in sea water. Pu(IV) either quickly hydrolizes to form the hardly soluble Pu(OH), or is
absorbed by suspended or colloidal particles, which results in a fast sedimentation. It has
been shown, that in the dissolved phase Pu(V) is the prevailing chemical form, whereas for
particulate Pu, Pu(IV) prevails[28]. Consequently, in coastal areas with shallow waters
and high particle concentrations, Pu is removed from the water column much faster than
in the open ocean[29]. Similar to Pu(V), also Np(V) primarily stays in the dissolved
phase and can be transported over long distances. In studies of the Np oxidation state in
the Irish Sea, less than 1% of Np was found to be present in +IV in the sea water whereas
the original proportion was 45 % when emitted from the reprocessing plant Sellafield [30].
This percentage of the more soluble Np(V) increases even further with increasing distance
to Sellafield [29]. Furthermore, there is the possibility of remobilization of TRU from
sediments, e.g. by changing chemical conditions in the sediment or bioturbation, which
means that the TRU bearing particles may be decomposed, so that the TRU are released
back to the water [31].

Ion Concentration [g/L]

HCOz 0.140
SO~ 2.65 - 2.71
Cl- 1.90 - 1.94
Ca?t 0.380 - 0.399
Mg?* 1.27 - 1.29
Na*t 10.6 - 10.8
K+ 0.380 - 0.399

Table 2.2.: Typical concentration of most important inorganic constituents in sea water.

The anionic species can form complexes with the actinides. Source [21].

A short overview of the physio-chemical behaviour of TRU and its dependence on the
source is given in Ch. 2.6. For a more detailed discussion of the characteristics of TRU in

ocean water, please refer to |20, 29, 31, 32|.

2.3. Radiotoxicity

The radiotoxicity of incorporated TRU is considered as rather high, which is mainly

due to the a-decay of most isotopes and the long retention times in the human body.

239’240]_311
’

Consequently, the long-lived isotopes 24 Am and 2"Np are of major concern for
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long-term effects, when incorporated via ingestion or especially inhalation. All elements
mentioned are preferentially deposited in the liver and bones, even though they are present
as Pu(+1V), Am(+III) and Np(+IV) in the human blood [33]. However, studies in mice
and rats indicate a 2-3 times higher ability of 23?Pu to induce bone cancer than 24! Am,
whereas 23"Np seems to be even a factor 3 more effective than 23Pu, if normalized to
the dose. This is probably caused by the different spatial and time distribution. Based
on data obtained from mammalian studies, it was estimated that the average half-life
for the residence time of Pu in the skeleton of man is around 100 years and in the liver
around 40 years. This retention time can be probably also transfered to 2! Am[34]. If
Pu is inhaled, e.g. as PuO, bearing aerosols, it is accumulated in the lymph nodes of
the bronchial system and can lead to lymphopenia[35]. In general, it should be pointed
out, that animal studies on carcinogenesis are performed with high doses of 2*?Pu, that is
several Gy [33]. In comparison, the mortality rate of workers involved in the research with
Pu for the Manhattan Project who were exposed to an average effective dose of 1.25 Sv,
has not been found to be elevated [36]. With a half-life of 432.2 a, ?'! Am has the highest

specific activity and thus has to be given special attention.

In addition to the radiotoxicity, it should be also considered, that the actinides belong to
the group of heavy metals and thus also involve a high chemical toxicity. Due to the low
specific activity of 23"Np, it has been reported that rats showed symptoms of chemical

poisoning after ?*”Np injection, before radiation induced effects have been observed [37].

2.4. Production of transuranium elements

The most important production paths of TRU in a nuclear reactor starting from uranium
fuel is presented in Fig.2.2. As ?3°U used in a thermal reactor is enriched to only 3 %, the
dominating reaction taking place is the n capture on ?**U which starts the major path
for TRU built-up (bold arrows). As U, with a half-life of only several minutes, is very
short-lived (indicated by gray symbols), it rapidly decays to ?*Pu via the also short-lived
2Z9Np. Due to the long half-lives of the row of o decaying Pu isotopes, subsequent n-
captures towards higher masses are possible. The 5~ unstable nuclide *'Pu represents
an important branching point for the build-up of ?*'!Am, in particular after the chain
reaction is stopped. The main TRU production path leads to ?**Am via the 3~ decay of
the short-lived 2*3Pu. Successive n-capture on previously produced nuclides followed by
B~ decay may built up even heavier elements, like curium, berkelium or even californium.
Certainly, the yield of those heavier nuclides decreases, the larger the number of n-captures
which are required. A second, minor production path is started by n-capture on 23U if

it does not induce fission but forms 23°U. Because of its long half-life of around 107 a

24



2.5. Anthropogenic sources of transuranium elements in the environment

with respect to a-decay, there is a large probability that another n is captured, so that
the short-lived 2*U is formed which quickly decays towards 23"Np. A considerable part
of 2"Np production via 27U starts with a (n,2n) reaction on 23¥U, which is especially
important for nuclear devices, where there are high densities of fast neutrons. There
are a lot more processes possible, which feed or re-feed into the described paths, as for
example a-decay. However, because of the long half-lives its share in the general built-up

is negligible if a usual fuel cycle length of around one year for FDNPP 1[5] is considered.

2820 &—1243Cm » 24401 25Cm »|246Cm » 247Cm »|247¢ —>
21Am 2271 »{243am 2847
236p, o> 237py |----- M 238py hl 239p, 240py, P 241p P 202p, 23py
26Npe 27Np 38N\p 239Np
n (n,2n)
N,
Tp<la
234 H 235 > 236 »| 237y 238 »| 239 ‘Q /

Figure 2.2.: Production paths of the transuranium elements, with bold arrows represent-
ing the major path in a thermal nuclear power plant. Dashed arrows represent

built-up of low importance. Further explanations are given in the text.

The production of TRU in a nuclear device, like an atomic bomb, is somewhat differ-
ent and also more complex because of the utilization of either highly enriched (> 90 %)
235U or #Pu in fission weapons [38], or natural/depleted U (>99.3 % 23%U) as blankets
in fusion (thermonuclear) weapons. FEspecially, in thermonuclear explosions, during a
very short time period (107%s-107%s), extremely high fluences of fast neutrons (10%3-
10% neutrons/cm?) can produce very neutron rich nuclides, which then decay via 3~
emission to more stable nuclides [29]. Consequently, the production paths and isotopic

ratios depend on the yield and hence, the design of the specific device.

2.5. Anthropogenic sources of transuranium elements
in the environment

Apart from the naturally occurring Pu and Np mentioned before, the concentrations in the

environment today are clearly dominated by anthropogenic Pu and Np mainly released in

nuclear weapon tests, nuclear accidents and by reprocessing plants. It is well known that

large amounts of actinides have been emitted into the Atlantic Ocean by the reprocessing
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plants La Hague (France) and in particular Sellafield (UK). A maximum annual discharge
of 55 TBq #9+219Pu in 1974 by Sellafield has been reported [39], showing a large variation
in 20Pyu/?9Pu ratios from 0.06 in the 1960’s up to 0.25 in the 1980’s and 90’s [40]. The
variation in isotopic ratios can be attributed to a general change in the operation mode
of Sellafield. In the beginning, the main purpose was the production of weapon grade Pu,
whereas nowadays Sellafield reprocesses spent nuclear fuel from nuclear power plants with
a high burn-up of 23°Pu. If 2°Pu is produced for nuclear weapons, irradiation times have
to be kept short to prevent build-up of 24°Pu, which has a high spontaneous fission rate
and could lead to pre-initiation of the nuclear device. Consequently, the 2°Pu/*Pu ratio
of weapon grade Pu has to be below 0.07 [41]. In general, there is only little known about
2B7Np discharges from reprocessing plants, but a total release of 6 — 8 TBq until 1989 was
estimated from the detection of 2*"Np in sediment cores [42]. Strong variations from 0.19
to 0.41% in the activity ratio 23"Np/239+240Py were observed in sediments of the Irish
Sea[1]. In Japan, the Tokai reprocessing plant, located south of Fukushima prefecture

has been operated from 1977 - 2006, but no major release of ?3**21Pu was detected [43].

The most serious accident of a nuclear power plant, which caused a considerable con-
tamination with TRU in Europe, was the Chernobyl accident in 1986. It was estimated,
that in total 0.015 PBq 2**Pu, 0.013 PBq ?*Pu, 0.018 PBq ?*°Pu and 2.6 PBq ?*'Pu were
released into the atmosphere [44]. From these data an isotopic ratio for ?*°Pu/?Pu of
0.37 and 2'Pu/?Pu of 0.12 at the time of the accident can be derived. Information of
the 3"Np emission is less abundant than for Pu, but an estimate that 3 — 6 % of the core
inventory of refractory elements in general were released, is available. Using a 23"Np core
inventory of Unit 4 of 0.26 PBq[45], an emission of around 0.01 TBq and an isotopic ratio
ZTNp/#9Pu of 0.07 is obtained. Further information on additional accidental release of

actinides into the environment can be found in [29, 40].

The largest contribution to the global inventory of actinides originates from the fallout
of atmospheric nuclear weapon tests. From 1945 until 1980, in total 502 tests were con-
ducted with the most active period between end of the 50’s and beginning of the 60’s.
Until the Partial Test Ban Treaty in 1963, USA, USSR and UK were mainly responsi-
ble for the atmospheric nuclear explosions |46, 47]. A global inventory due to nuclear
weapon fallout of 325kCi (12PBq) ?**21°Pu and a release of 1.5t (39 TBq) **"Np was
estimated [48, 49]. Concerning nuclear fallout from weapon testing two different types
have to be distinguished [50]:

e global fallout: produced by high yield (megaton TNT equivalent) detonations, gen-
erated by thermonuclear devices, which are able to push through the Tropopause
and stabilize their fireball in the stratosphere. The residence time of the debris in

the stratosphere is in the order of years, so that this type of fallout was transported
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over larger distance and was distributed almost all over the globe, but especially on

the northern hemisphere.

e tropospheric or close-in fallout: produced also by low yield (kiloton TNT equivalent)
detonations of fission devices which stabilize their fireball in the troposphere. The
residence time of the debris in the troposphere is only several weeks, as weather
phenomena occur in this layer of the atmosphere, so that the debris is precipitated
with water droplets. Tropospheric fallout is restricted to the surroundings of the

test site.

The average isotopic Pu ratios of global fallout on the northern hemisphere (71-30°N)
were found to be ?1°Pu/?3Pu = 0.180 + 0.014 (20 error) and **Pu/*Pu = 0.00089 =+
0.00013 (decay corrected to Nov 2015, 20 error) [51]. Whereas the USSR mainly con-
ducted their atmospheric tests at high altitudes and hence, contributed significantly to
global fallout, the tests of the USA at the Pacific Proving Grounds (PPG, Marshall Is-
lands) happened near the surface, so that a considerable part of the debris was injected
into the troposphere [2|. Therefore, the Pacific Proving Grounds are a major source for
close-in fallout, which accounts for almost 60% of the Pu inventory of the North Pacific
Ocean |52]. Close-in fallout shows elevated Pu ratios of 20Pu/?*Pu = 0.24 — 0.34 [2] and
24Py /239Pyu = 0.0017 — 0.0024 |53, 4] (decay corrected to 11/2015), with only little infor-
mation on the atomic ?*'Pu/?*Pu ratio available. The average »*"Np/?Pu ratio on the
northern hemisphere was determined to 0.48 +0.07 (20 error) [51]. Apart from a detected
23TNp/?*Pu ratio of 0.42 4 0.04 in fallout from the Castle-Bravo test (15 megaton) [54], no
information on the average 2"Np/?*Pu ratio due to close-in fallout was found. However,
it was argued that 2*"Np ratios are much more device dependent than Pu ratios which

can lead to larger variation of detected ratios in environmental samples [51].

240py /29Py 241py /29Py 2TNp /2Py
(decay corrected to Nov 15)

Spent fuel reprocessing 0.25 - -
Weapon grade plutonium < 0.07 - -
Chernobyl accident 0.37 0.05 0.07
Global fallout

. 0.18 0.00089 0.48
(Northern Hemisphere)
Tropospheric close-in fallout

0.24-0.34 0.0017-0.0024 0.42

(PPG)

Table 2.3.: Summary of isotopic ratios originating from different sources.

Tab. 2.3 gives an overview over the known characteristic isotopic ratios from different
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sources. Especially the 21°Pu/?3Pu ratio can serve as a signature to determine the origin

of a Pu contamination.

2.6. Concentrations and detection of Pu and Np in

the Pacific Ocean

The two major sources for TRU in the Pacific Ocean before the Fukushima accident are
global fallout and tropospheric close-in fallout from nuclear weapon tests. It has become
evident, that the physio-chemical behaviour of Pu from global fallout is different from
close-in fallout Pu in ocean water, which was explained by the type of particles Pu is
attached to when it enters the water [2]. Global fallout particles are mainly composed
of iron oxides which are sub-pm in size and which result from the vaporization followed
by the condensation of nuclear weapon material. These particles have been found to
dissolve in the ocean water rather quickly, i.e. in the order of several hours to days. By
contrast, fallout from the PPG is based on calcium hydroxide from coral matrices which
are vaporized during the blast of the surface-based tests. By the interaction with Mg
in the sea water, a structure containing Mg(OH), which is insoluble in water, is formed.
Consequently, the sedimentation rate for close-in fallout is supposed to be enhanced and
close-in fallout is removed more quickly from the water column than global fallout. This
picture was supported by the detection of increased 24°Pu/?3Pu ratios of up to 0.365
in deep water and ocean sediments [2]. Nevertheless, the detection of *°Pu/*%Pu ratios
up to 0.30 in sediments off the east coast of Japan and also in the South China Sea
(summarized in [55]) proves that close-in fallout can be transported over considerable
distances by ocean currents, in particular by the North Equatorial Current. During the
transport, water masses showing a Pu signature from close-in fallout mix with water
having a global fallout signature, so that in general with larger distances to the PPG, the

40Py /239Py ratio drops towards global fallout values.

Fig. 2.3 presents depth profiles of the Pu concentration detected in the North-West Pacific
Ocean by different studies. The most characteristic feature of this profile, which has been
reported several times before for different locations in the Pacific Ocean, is the subsurface
maximum at around 500 m depth [52, 40]. It was suggested that the maximum is formed
by the decomposition of sinking, Pu carrying, particles by biochemical processes [52, 31,
32]. Considering the year of the studies, it is evident that the maximum in the most
recent results is much less pronounced and shifted to greater depth. Settling particles as
explanation for the shift have been already excluded, whereas other possible explanations
are still intensively debated [32]. Several involved processes were included in a 5-layer

model by K. Hirose [56], which is able to reproduce vertical Pu profiles in the water
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Figure 2.3.: Measured depth profiles of ?3%2Pu at GEOSECS (Geochemical Sections),
Hakuho Maru and TAEA stations in the central NW Pacific Ocean. Taken
from [29].

column. More soluble species like ¥7Cs or *°Sr also show a decrease in the subsurface
maximum over the years so that it was attributed to the physical ocean circulation [32].
But the maximum of ¥7Cs and °Sr is located closer to the surface and the center of
the peak has not moved to greater depth or significantly broadened with time. Another
typical feature of the Pu depth profile is the increase of concentration near the bottom.
The most widely accepted explanation is the contribution of close-in fallout in these deep
water layers [57]. To my present knowledge, there has been no comprehensive study on
the behaviour of neptunium in the Pacific Ocean. Most of the limited knowledge about
its transport in sea water was obtained from samples of Irish Sea water, where enhanced
concentrations due to the reprocessing plant Sellafield have been found. Considering the
behaviour of Pu, however, it can be expected that also the behaviour of Np depends

on the physical and chemical form, how it enters the ocean which is different for the

29



2. Chemical and physical characteristics of the relevant transuranium elements

Pacific Ocean compared to the Irish Sea. Probably to a lesser extent than Pu, due to its
enhanced mobility. It was estimated, that research on Np in sea water is lagging behind
other actinides by 20-30 years[1].

As most actinides are a-emitters, a-spectrometry is the most frequently used detection
method, because no expensive instrumentation is required and it is easily accessible.
However, Fig. 2.3 demonstrates, that Pu concentration in the NW Pacific Ocean are below
30mBq/m? and are further decreasing, which means that large sample volumes of around
200 L each have to be processed, to obtain an « source with reasonable counting statistics.
This is even more problematic for 23"Np, because of its 100 times lower specific activity.
Furthermore, sample preparation for a-spectrometry often is quite work-intensive, as
many actinides emit « particles with a similar energy, so that the corresponding elements
have to be chemically separated (compare Appendix C and Ch.5.2.1). An individual
detection of 2Pu and ?4°Pu is therefore not possible by means of a-spectrometry. In order
to determine the 24°Pu/?Pu ratio, mass spectrometric methods have to be applied. In
particular ICP-MS (Inductively Coupled Plasma Mass Spectrometry) has recently become
very popular for the routine analysis of actinides, as sample loading and operation is rather
straightforward. Very low detection limits of 0.11 fg/mL (10 uBq/m? in the initial water
sample) 9Pu [58] and 2.5 fg/mL [59] after chemical U separation, have been reported. A
major drawback for ICP-MS in this project was its susceptibility to the salt content in
the sample solution (see Ch.5). In comparison, a detection limit of around 0.7 uBq/m?
for 2Pu and 0.1nBq/m? for 23"Np in the initial sample was obtained by AMS in the
present study. Due to its low availability, the advanced instrumentation and hence, its
elevated costs, AMS cannot be applied for routine actinide studies. The detection of
the almost pure 8~ emitter *!Pu is challenging for radiometric methods, as the emitted
[~ -particles and 7-rays have rather low energies of 20 keV and 149 keV, respectively [19].
But the direct detection with mass spectrometry is also not possible due to the in-growth
of its daughter nuclide ! Am. Therefore, a chemical Am separation is required for mass
spectrometric measurements (see Ch.4.2). Alternatively, *!Pu is detected indirectly via
a-spectrometry of 2! Am or, at elevated concentrations, by liquid scintillation counting
[60]. The detection of 2*"Np by mass-spectrometric techniques, in general, is hampered by
the lack of a suitable spike material, which is generally available. An additional method,
applied for 2"Np detection of is NAA (Neutron Activation Analysis), which of course

requires access to a neutron source, e.g. a reactor.
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On March 11, 2011 the Great East Japan Earthquake with a magnitude of 9.0 on the
Richter scale occurred and led to the emergency shutdown (SCRAM: Safety Control Rod
Activator Mechanism) of all operating reactors of the Fukushima Daiichi nuclear power
plant (FDNPP). This means the control rods were fully inserted automatically into the
reactor core to stop the chain reaction. However, the earthquake caused a tsunami which
arrived at the FDNPP around 40 minutes later. With a maximum height of the waves of
around 14 m, the water could easily overcome the 5.7 m high tsunami protection walls [61].
Consequently, most of the diesel generators were flooded, which were required as the site
had been disconnected from power grid by the earthquake. This led to the complete loss
of power in Unit 1-4 (Fukushima Daiichi I) while a shared use between Unit 5 and 6
(Fukushima Daiichi II) of the remaining functional diesel generator could be achieved.
Without electricity, the cooling of the core, i.e. the removal of the decay heat, could not
be maintained. Even though fresh and sea water was injected into the core of Unit 1-3
by water cannons later on, the water level had decreased such that the fuel elements were
at least partially exposed to air. This has caused a (partial) melt-down of the reactor
cores in Unit 1-3. Hydrogen explosions destroyed the reactor buildings of Unit 1, 3 and
also 4 which was not in operation when the earthquake occurred. A large amount of
radioactivity was released into the environment by this explosions mainly in the form
of cesium (Cs) and iodine (I), since these chemical elements are volatile. In addition, a
considerable amount of contaminated water was released into the ocean due to leakage
from Unit 2 and 3 and because low-level radioactive water was intentionally discharged

into the sea.

Similar to the Chernobyl accident, also the Fukushima accident was rated as a level 7
(major accident) event on the INES (International Nuclear and Radiological Event Scale)
which is the highest level [62]. However, the total amount of radioactivity released into
the environment during the Fukushima accident was estimated to be around a factor of 10
lower than in the case of the Chernobyl accident [63, 64, 5|. This chapter gives an overview
over the sequence of events which might have led to the emission of TRU into the Pacific
Ocean. A method to distinguish between a possible entry of FDNPP and nuclear weapon
fallout in the Pacific Ocean, based on the isotopic Pu ratios of FDNPP at SCRAM, is
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presented. The following description of the site layout of FDNPP I and the course of events
during the accident are mainly based on the reports by the IAEA |5, 65], TEPCO (The
Tokyo Electric Power Company) [66], GRS (Gesellschaft fiir Reaktorsicherheit) [67], the
Japanese Governement [68], INPO (The Institute of Nuclear Power Operations) [61], the
National Diet of Japan [69] and Hirose et al. [70].

3.1. The nuclear power plant Fukushima Daiichi |

The FDNPP is located on the east coast of Japan (37.422°N, 141.034°E)[71] in
Fukushima prefecture (compare Fig.4.2 in Ch.4.1) and consisted of six reactor units
as shown on the photography on Fig.3.1. FDNPP has been operated by TEPCO since
1971. FDNPPII, consisting of Unit 5 and 6, where the reactor cores were shut down due
to regular inspection, will not be considered further. The cooling of the spent fuel pools
of both units could be ensured, because one out of three Diesel generators for Unit 6 was
not flooded and hence, could provide emergency power to Unit 6 and later also to Unit

5. Therefore, it can be assumed that no considerable amounts of actinides were emitted
from FDNPP II.

Figure 3.1.: Picture of the 6 units of FDNPP before the accident. The protection walls

against tsunamis in front of the NPP are clearly visible. Taken from [65].

The most important technical specifications of FDNPPI (Unit 1-4) are given in the table
presented in Fig.3.2. All four reactors were Boiling Water Reactors (BWR) based on
the BWR 3 (Unit 1) or BWR 4 (Unit 2-4) design by General Electric (GE) from the mid
60’s [72]. Unit 1, which was the first one of the four units which was constructed on this

site, contained a smaller reactor core, i.e. a smaller number of fuel elements and hence,
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produced a smaller power output of 460 MW thermal compared to 784 MW thermal.
Except for Unit 3, all reactors were using UO, enriched to around 2.2% in 23U as fuel
at the time when the accident occured. The reactor core of Unit 3 was loaded with 32
fuel elements of MOX (Mixed Oxide Fuel) which is a mixture of uranium and plutonium
oxide. Since this number of MOX fuel rods represents only a small fraction of the whole
core with 548 fuel elements, the MOX has only a minor influence on the average isotopic

composition of the core concerning plutonium (compare Ch. 3.4).

Unit 1 Unit 2 Unit 3 Unit 4
General
Company GE GE, Toshiba Toshiba Hitachi
Reactor type BWR 3 BWR 4 BWR 4 BWR 4
Commercial operation 1971 1974 1976 1978
Electric/Thermal
power output (MW) 460 /1380 784 /2381 784/2381 784 /2381
Reactor core and
fuel
Mass (tHM) 68 94 94 94
Number of fuel
elements 400 548 548 548
Fuel uo, uo, U0, + 5.48% MOX uo,
Enrichment primary
core 2,1 2,2 2,2 2,2
Number of fuel rods
per fuel element 60 60 60 60
Cladding material Zircalloy-2 Zircalloy-2 Zircalloy-2 Zircalloy-2
Containment
Type Mark | Mark | Mark | Mark |
Control rods
Number of control
rods 97 137 137 137
Material BAC [ Hf B4C | Hf B4C | Hf B4C [ Hf

Figure 3.2.: Technical Data of Unit 1-4 of FDNPP during normal operation. Adapted
from [73].

The BWR 3 and BWR 4 are equipped with a Mark I containment |72, 74|, which com-
prises a bulb-shaped drywell and the torus-shaped wetwell and which is often referred
to as primary containment vessel (PCV). The drywell surrounds the reactor pressure ves-
sel (RPV) and the wetwell contains the suppression chamber which is directly connected
to the drywell, so that in case of an overpressure steam from the RPV can be released
into the suppression chamber. The suppression chamber serves as an additional heat sink
and the steam condensates. The same holds, if there is a leakage from the RPV into the
drywell in order to protect the containment from overpressure which might damage the
containment. The containment is filled with nitrogen gas in order to prevent the explo-
sive reaction of oxygen with hydrogen which can be built up in case of an accident (see
Ch. 3.2). If the cladding of the fuel rods which is made out of Zircaloy is exposed to high
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temperatures, the following chemical reaction forming hydrogen takes place:

Zr + HQO — ZI‘OQ + HQ T (31)

One of the characteristics of a BWR is that the steam produced in the reactor core is
dried at the top of the RPV and directly guided onto the turbine. This means that also
radioactive isotopes present in the coolant are transported to the turbine leading to a
controlled area in the turbine building. As a consequence only two cooling loops are
required (compare Fig. 3.3), with the second loop being supplied with seawater. Another
typical feature of the BWR is that the spent fuel pool is located outside of the containment.
For the FDNPP this means that the spent fuel pools were only covered by the roof of the
reactor building made out of sheet metal panels. The turbine buildings are located on the
sea side of the respective units and also host the generators and the diesel generators for
the emergency power, the later ones being installed on the first basement. One exhaust

chimney is shared between Unit 1 and 2, and Unit 3 and 4, respectively.
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Figure 3.3.: Principle plant layout of FDNPP I. As usual for a Boiling Water Reactor,
the steam produced in the reactor is directly guided onto the turbine which
drives the generator. The steam then condensates in a heat exchanger (con-
densor) which uses sea water as heat sink in the secondary loop. The water
in the primary loop is then pumped back into the reactor pressure vessel.
The primary containment vessel encloses the reactor pressure vessel and the

suppression chamber (S/C). Picture taken from [66].

Due to the slightly different reactor design of Unit 1 compared to Unit 2-4, also the decay
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3.2. Chronology of the accident

heat removal and emergency cooling systems are partly different. When the chain reaction
is stopped, the reactor still produces around 1.6% of its initial power 1h after shutdown
because of the decay of the fission products. Therefore, the BWR 3 and the BWR 4 design
have to be actively cooled to avoid core damage or even meltdown. For this purpose, the
BWR 3 uses a so-called reactor shutdown cooling system (SHC) where the coolant from
the RPV is guided to a heat exchanger. Here the heat is transferred to sea water and the
cooled-down water from the primary loop is pumped back into the RPV. Furthermore,
Unit 1 is equipped with an isolation condensor (IC), which is a passive system, guiding
the steam from the RPV to a heat exchanger located above the RPV, where the steam
condensates and then flows back into the RPV. As no pumps are required, DC battery
power is sufficient just to open and close the respective valves. In Unit 2-4 the residual
heat removal (RHR) system is installed to remove decay heat in normal operation mode
by bypassing the turbine and guiding the steam directly to the condensor. In case of
an accident coolant is taken from the suppression chamber, guided to a heat exchanger
and then injected into the RPV. However, this can only be done at low pressures in the
RPV, so that this mode of the RHR represents a part of the emergency low pressure
coolant injection (LPCI) system. Furthermore, Unit 2-4 were equipped with a reactor
core isolation system (RCIC) which removes water from the suppression chamber or the
condensate storage tank and pumps it into the RPV to keep the water level constant.
The electricity for the pumps is produced by turbines driven by the steam from the RPV.
The exhaust from the turbine is guided back to the suppression chamber. Similar to the
RCIC also the high pressure injection (HPCI) system which is part of the emergency core
cooling system, is able to inject water into the RPV against the full pressure of the reactor
core. The HPCI was installed in all units of FDNPP I and is based on the same working
principle as the RCIC but provides higher flow rates of the coolant. Both systems only
need DC battery power for the control of the valves. The second part of the emergency
core coolant system is the core spray system (CS) with which also all units were equipped.
Water from the suppression chamber is injected into the RPV above the core by electrical
pumps which works only at low pressures inside the RPV. For a more detailed description

of the respective core cooling system, refer to [66, 67, 72|.

3.2. Chronology of the accident

The following report describes the events in Unit 1-4 after the earthquake, as it is under-
stood at present time. It has to be noticed that there are still large uncertainties especially
regarding the extent of core damage in Unit 1-3. This is because an inspection of the RPV
and the reactor cores is still not possible (Feb. 2016) due to the high radiation levels inside

the reactor building and the immense destruction of the reactor buildings caused by the
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hydrogen explosions. Therefore, present knowledge about the status of the reactor cores
are based on model calculations. Those results vary depending on the assumptions made
for the periods of time the reactor cores were not supplied with coolant which are not

well known at any times.

Due to the earthquake on March 11th, 2011 at 2:46 pm, the FDNPP was disconnected from
the external power grid and the reactors of Unit 1-3, which were in normal operation,
were automatically shut down (SCRAM). AC power was provided by the emergency
diesel generators which also started automatically. The subsequent chain of events in
the different units are described separately in the following sections and is mainly based
on the report by the IAEA [5] and GRS[67], as they are the most recent summarizing

publications.

3.2.1. Unit 1

After the shutdown, the reactor was separated from the turbine to prevent the emission
of steam from the containment. The IC started to remove the decay heat and hence, to
reduce the increasing pressure in the RPV. When the regular pressure was reached, the
IC was manually switched off. At the arrival of the tsunami around 40 min later, the
diesel generator and also the batteries were flooded, so that no electricity was available.
Consequently, monitoring of the whole unit, e.g. the water temperature or level in the
reactor but also the status of the valves, was not possible. The IC could not be restarted,
as the respective valves could not be opened, so that the reactor was left without any
cooling system. Furthermore, the tsunami damaged the seawater pumps which means

that the heat exchanger of the cooling systems lost the necessary heat sink.

As the pressure in the RPV rose, non-electrical valves were opened to release steam into
the condensation chamber automatically which decreased the pressure in the RPV but
increased the overall pressure in the containment. A first attempt to take the IC back into
operation at 6.18 pm was thought to be successful when steam coming from the reactor
building was observed. Since it was not clear, why the release of steam stopped shortly
after, it was assumed that the IC was not working correctly. Because fracturing of the
piping could occur, the IC was switched off manually again. Assuming that there was
no cooling system active shortly before the tsunami arrived, TEPCO concluded that the
water level dropped to the top edge of the fuel elements at 6 pm and first damage of
the fuel happened at around 6:40 pm. It was already noticed at the day of the accident
at 9:51 pm that the reactor core must have been already severely damaged when high

radiation levels were measured on the first floor.

Shortly before midnight of March, 11th, the readout of the containment pressure could be
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restored. A pressure of 0.6 MPa compared to the design value of 0.528 MPa was measured.
The pressure further increased to 0.84 MPa at 2:30 am of March 12th, so that preparations
for the venting of the system were started. In the following, the pressure stabilized at a
slightly lower pressure, which indicates a leakage from the containment. At 4:00 am the
pressure inside the RPV was sufficiently low that freshwater could be injected by a mobile
pump on a fire truck which has been connected to a fire protection water injection port
at the turbine building. However, this cooling could not be sustained continuously and
it is assumed that only 20-50 % of the water arrived at the reactor core. A continuous

freshwater supply using a fire truck pump was put into operation at 9:15 am.

From 9 am on, efforts to open the respective valves either manually or by a mobile pneu-
matic compressor in order to vent the PCV were made. At 2:30 pm a decrease of the
pressure from 7.5 bar to 5.8 bar inside the containment was observed, so that it was as-
sumed that venting had been successful. At 2:53 pm freshwater injection was stopped
because the fire protection tanks almost had run empty. Consequently, measures to inject
seawater were taken and a connection from a sea water pool at Unit 3 was quickly estab-
lished. In the meanwhile, a mobile power supply was also successfully connected to Unit 1
and efforts were done to provide AC power via a low voltage grid. Both activities, i.e. the
injection of seawater and the AC power supply, were interrupted by a hydrogen explosion
on the service floor at 3:36 pm. This explosion lead to the severe damage of the upper
structure of the reactor building and the secondary containment. As a consequence, the
dose rate at the boundary of the NPP increased to around 1 mSv/h and the site around

Unit 1-4 was evacuated.

Because some of the infrastructure for the seawater injection just installed before the
hydrogen explosion was also damaged by the ejected debris, the cooling by seawater
through the core spray line could not be taken into operation before 07:04 pm the same
day. In the time since freshwater injection was stopped, the core was without cooling. In
the night of March, 14th, at 01:10 am seawater cooling was lost again, as the reservoir at
Unit 3 was nearly depleted. It took until 08:00 pm till the seawater injection line, now
directly from the Pacific Ocean, could be restored. Consequently, there was no cooling of

the reactor core for more than 18 h.

On March, 25th, the injection of coolant was switched back to borated freshwater. Before,
from March 19th to 23rd, Unit 1 had been successfully connected to the external power
grid via temporary power cables, so that external power finally was available and the

situation stabilized.

It can be assumed that the reactor core melted almost completely and also the RPV was
partially destroyed when the hot melted fuel accumulated on the bottom of the RPV.
Consequently, the core melt leaked through the RPV and was stopped by the bottom of
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the drywell. The melt penetrated around 65cm into the wall of the drywell [75].

3.2.2. Unit 2 and 3

Due to the earthquake the reactor cores of Unit 2 and 3 were separated from the turbine
by automatic closure of the valves in the primary steam pipe. The RCIC in both units
was switched on manually in order to stabilize the water level in the RPV. With the
arrival of the tsunami all DC power was lost from Unit 2 whereas in Unit 3 DC power

was available for some time after the tsunami.

In Unit 2 the monitoring of the status of the system, i.e. the status of the valves and the
water level in the core, was no longer possible. Also the RHR failed, so that the pressure
in the RPV started to rise. Shortly before the complete blackout, the RCIC was started
again. However, without DC power no control was possible and thus the status of the
RCIC was uncertain. On the evening of March, 11th, a mobile generator was installed, so
that the reactor water level indication was restored and it was found to be stable above
the reactor core [61]. It was concluded that the RCIC was working since the tsunami had
arrived, but could not be controlled. The next day the reactor building was damaged
by the hydrogen explosion in Unit 1, creating an opening which probably prevented a

hydrogen explosion in Unit 2 in the aftermath.

On March, 13th, as a precautionary measure, preparations were made to vent Unit 2.
However, the containment pressure was too low to allow venting. Consequently, venting
was not successful and no decrease of the pressure in the containment was observed. In
the following, fire engines were connected to the fire protection lines of Unit 2 to inject
seawater from the pool at Unit 3 in case the RCIC should fail. Due to the explosion in
the upper part of Unit 3 on March 14th at 11:01 am, much of the infrastructure for the
alternative seawater injection was destroyed by the ejected building debris. Furthermore,
a major valve in the vent line of Unit 2 had closed, because the temporary power supply
had been also affected by the explosion. At 12:00 pm the water level started to decrease
and pressure in the RPV increased as the RCIC obviously had stopped working which

means that the reactor core was left without any coolant injection.

At 02:43 pm the alternative water injection was restored but could not inject into the
RPV as the pressure was above the pressure supplied by the fire engine pump. A de-
pressurization of the RPV was not achieved before 07:03 pm after several unsuccessful
attempts to open the required valves. At 07:20 pm, it was discovered that the fire engine
pump which had been started already in the afternoon, had run out of fuel. Hence, it is
uncertain how long and what amount of water the pump had injected into the RPV. After

re-fueling of the engine, the sea water injection started at 07:54 pm. To present knowl-
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edge, at that time, the reactor core had not been supplied with water for 11 h and the fuel
elements were exposed at around 6 pm leading to the damage of the fuel approximately
one hour later. During the evening the RPV pressure started to increase again making
it necessary to open more safety relief valves to release steam into the containment. But
further attempts to vent the containment failed, so that the design value of the drywell

was exceeded at 10:50 pm.

On March 15th, a sudden drop of the pressure in the suppression chamber which could
not be explained and rising radiation levels on the site indicated the failure of the PCV.

Furthermore, white smoke or steam coming from an upper floor of Unit 2 was observed.

In Unit 3, the monitoring of the water level in the RPV and also the control of the RCIC
first was possible as DC power from batteries was partially available. The RCIC was
adjusted to keep the water level constantly above the reactor core. In this way, heat
was transferred from the RPV to the S/C leading to an overall increase of containment
pressure. Even though the batteries were not yet empty, the RCIC stopped working at
11:36 am on March 12th and could not be restarted. Left without coolant injection, the
water level in the RPV started to drop, so that the HPCI started automatically at 12:35
and stabilized the water level. As the steam turbine of the HPCI consumes steam from the
RPYV, consequently, also the pressure in the RPV decreased. During the night, the pressure
dropped below the operational range of the HPCI causing concerns about the reliability
and integrity of the HPCI. To present knowledge, the fuel elements were exposed to air
at 02:30am. The HPCI was switched off manually at 02:00 am when the inlet pressure
decreased below the automatic shut-off pressure of the turbine but did not cause the
HPCI to stop. An alternative water injection with a fire pump was not possible as the
RPV pressure had already increased quickly after the HPCI was switched off. Several
attempts to depressurize the RPV failed, so that a re-start of the HPCI and RCIC was
tried, which was not achieved. Measures were taken to inject water via fire protection
lines with fire engines and to vent the containment on the morning of March 13th. After
several hours without cooling and heating up of the reactor core, depressurization of the
RPV was finally successful and first fresh water, and after emptying the reservoir, sea
water from the backwash pit was injected at 09:25am. The venting of the containment

which also had heated up considerably, was achieved at 09:20 am.

Similar to Unit 1, sea water injection was interrupted on March 14th when the pit was
discovered to be almost empty at 01:10am. A restart of the alternative coolant injection
was possible two hours later. At 11:01 am a hydrogen explosion occurred, which almost
completely destroyed the upper part of the reactor building above the service floor (see
Fig.3.4). Fire pumps and hoses were severely damaged and workers were injured by the

explosion. Therefore, alternative sea water injection into Unit 3 could not be maintained.
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The sea water injection, now directly from the Pacific Ocean, was resumed 03:30 pm but
was stopped again when the engine ran out off fuel at 07:20 pm and was restarted at

07:54 pm (compare Unit 1).

Figure 3.4.: Photograph of the four units of FDNPPI after the accident. Whereas the
reactor building of Unit 3 and 4 and the upper part of Unit 1 were destroyed
by hydrogen explosions, the reactor building of Unit 2 looks intact, apart
from the opening of the so-called blowout-panel. [69].

On March 20th, Unit 2, and on March 22th Unit 3 also, were successfully connected to
the external grid and off-site power was restored. The alternative water injection in both
units was switched from seawater to borated fresh water around March 25th and the fire

pump was replaced by a motor driven pump.

3.2.3. Unit 4

Unit 4 was undergoing regular inspection since Nov, 2010, so that all fuel elements had
been removed from the reactor and had been stored in the spent fuel pool. At the time of
the earthquake the spent fuel pool was isolated from the reactor by a closed gate and the
temperature of the coolant was around 27°C [61]. Due to the tsunami, also Unit 4 lost
all AC power from the emergency diesel generator and also the batteries were destroyed,
so that also DC power was not available. However, due to the low power output of the
stored fuel elements, attention did not focus on Unit 4 before March 15th, at 6:14 am,
when a hydrogen explosion occurred which completely destroyed the upper part of the
reactor building. Still, the origin of the hydrogen is not fully clarified, but the most
widely accepted theory is that hydrogen from the venting of Unit 3 had accumulated in

the piping going to the exhaust chimney which is also connected to Unit 4. Because of the
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blackout, the valves of the exhaust air system in Unit 4 had been opened, which explains
how the hydrogen from Unit 3 might have arrived at Unit 4 causing the explosion there.
It was determined in the aftermath of the accident, that the fuel elements had not been
significantly damaged, which means the water level had not dropped below the top of the
fuel. Consequently, it is rather improbable that hydrogen was produced in the spent fuel
pool of Unit 4. But at the time of the accident, the hydrogen explosion lead to concerns
that the fuel might have been exposed. Therefore, different measures to increase the water
level were initiated, e.g. spraying (sea-)water by water cannons or helicopters into the
pool. As most of the water missed the spent fuel pool, water was injected by a concrete
pump vehicle from March, 22nd, on. In June, an alternative water supply using a mobile

pump could be realized and the situation was stabilized.

3.3. Radiological consequences

During the FDNPP accident a large amount of radioactivity was released into the environ-
ment. [t was estimated, that in total (100 —500) PBq of 315, 66, 68, 76], (6 —40) PBq of
137Cs |5, 66, 68, 76, 77|, around 10 PBq of 13Cs |66, 76] and (500—15,000) PBq [5, 66, 77| of
noble gases, especially **Xe, were emitted into the atmosphere. Cs, I and the noble gases
dominate the contamination of the environment, as these elements are highly volatile and
can easily leak from the damaged RPV and containment or were released during venting.
This is a major difference to the Chernobyl accident, where also considerable amounts
of less volatile nuclides, such as ?°Sr or actinides were emitted to the atmosphere, as a
part of the reactor core was ejected during the accident. However, the radioactive release
in case of the Fukushima accident lead to local hot-spots with more than 150 mSv/year
dose rate (compare Fig.3.5). As a consequence, people living within a 20 km zone around
the NPP site were evacuated on March 12th. Winds blowing from south-east on March
15th and 16th caused a corridor north-west of the NPP with high radiation levels, which
is evident in Fig. 3.5, so that the evacuation zone had to be extended in April 2011, in-
cluding also litate Village. Due to the short half-lives of '*'I (T3, = 8.02d) and '**Xe
(T2 = 5.25d) [19] those two isotopes quickly decayed, so that the dose to the population
was dominated by *"Cs (T2 = 30.17 a) after 2011.

Dose assessment studies of UNSCEAR [78] and WHO [62], come to the conclusion that
the effective dose received by an adult during the first year after the accident in a non-
evacuated area of Fukushima prefecture is below 10 mSv/a. That is lower than the ref-
erence level for planned residual dose in emergency exposure situations recommended
by the ICRP (International Commission on Radiological Protection) which is between

(20 — 100) mSv per year. The detection of Pu in soil and litter samples attributed to
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Figure 3.5.: Map of measured aerial dose rates, which clearly indicates a highly contami-
nated corridor to the northwest (NW) of the FDNPP (November 2011). This
lead to the extension of the 20 km evacuation zone (red circle) to the districts
in the NW, the so-called Deliberate Evacuation Area. Taken from [76].

the FDNPP (see Ch.3.5) by Zheng et al.[3] of maximum 1.400mBq/g #%"?4Pu and
34.8mBq/g 2*'Pu demonstrate that the amount of Pu ejected into the atmosphere is not
of radiological concern for the population. Considering the progress of the accident with
the melted fuel staying inside of the containment, it was expected from model calculations
that little volatile elements like Sr or the actinides are hardly released into the air |79, 80].
These theoretical predictions match the measured concentrations in environmental sam-
ples very well. It was estimated that around (0.002 £ 0.003) % of the total Pu core
inventory of Unit 1 and Unit 3 were released into the environment by venting [79]. This
corresponds to an activity of 10° — 10'° Bq 239*249Py and 10! — 102 Bq ?4!Pu, depending
on the model used for the calculation (compare Ch. 3.5 and [4]).
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Even though PuO, and NpO, are hardly soluble and therefore preferentially stay in the
fuel matrix, there is the possibility that during the specific conditions of the meltdown,
a small fraction were leached from the melt by the coolant or escaped from the fuel as
bound to particles. To estimate, which amounts of contaminated effluents in general were
released into the ocean during the accident, the so-called source term, i.e. the type and
amount of radioactivity emitted into the Pacific Ocean, is discussed in more detail in the
following. However, this does not imply that a possible emission of Pu or Np shows the

same distribution in the ocean as the radioactive contamination, which is mainly due to

137CS

Emission to the Pacific Ocean

In general, two main source terms for the release to the Pacific Ocean can be distinguished:
first wet and dry deposition on the surface of the ocean from the atmosphere and secondly,
the direct discharge of contaminated liquids into the ocean. In the first days of the accident
until March 15th, wind was blowing from western directions transporting the radioactive
plume to the ocean. The estimates for the indirect deposition from the atmosphere show
large variability as no direct measurements of the dose rate above the ocean surface were
performed in March when the major releases occured |78, 5]. For this reason, the amount
of 137Cs, for example, deposited on the ocean surface, ranges from 0.18 to 10 PBq (5] and
references therein). In accordance with the findings by Zheng et al. [3| concerning the
atmospheric release of Pu, also the concentration of Pu related to the accident found in
aerosol samples at a distance of 120 km from the NPP is negligible [14]. Consequently, the
indirect deposition on the ocean surface only plays a minor role for the entry of actinides

into the Pacific Ocean.

Direct release of contaminated effluents happened at several occasions. For example,
highly contaminated water with a dose rate of more than 1000 mSv/h was found in the
turbine building of Unit 2, accumulated in a trench for electric cables on April 2nd. From
this trench, the contaminated water leaked into the Pacific Ocean through a 20 cm crack
on the surface [68]. Because of the high concentrations of 3137Cs = 1.8 - 10° Bq/kg
and BT = 5.2 - 10° Bq/kg it was concluded that the water had originated from inside
the PCV [5]. On April 6th, the outflow of water from the cable trench was stopped by
pouring concrete and macromolecule polymers [66]. It was estimated that in total 520 m®
water with a total activity of 4.7 PBq was released into the Pacific Ocean between April
Ist and 6th [66, 68].

As there were concerns that further leakage of highly contaminated water from the turbine
building of Unit 2 might occur, it was decided to discharge approximately 10,400 tons of

low activity water from the Radioactive Waste Treatment Facilities in order to increase
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storage capacities for the water from Unit 2. The discharge of 1.5-10!! Bq into the ocean
happened between April 4th to 10th [68]. Furthermore, on May 11th, it was found that
contaminated water from the turbine building of Unit 3 had flown out into the ocean. In
total 250 m? water corresponding to a total activity of Cs and I of 2-10'® Bq [66] had been

released.

It should be mentioned that also in the following years after 2011, radioactive effluents
leaked into the Pacific Ocean as for example from storage tanks in April 2013 [67]. How-
ever, the major entry of radionuclides into the ocean happened shortly after the accident
in 2011 and the activity in the sea water is decreasing since then. This is demonstrated
by Fig. 3.6, which shows the results from monitoring the specific activity inside the port
of FDNPP at a exemplary measurement point at the intake of Unit 3 from May 2011
to July 2013. Starting from an extremely high concentration of around 1 GBq/L, the
specific activity quickly drops below the density limits specified by reactor regulation at
the beginning of 2012. The activity concentration of ¥ decreases much faster because of
its short half-life of only 8.02d [19]. The decrease in the concentration of ***Cs and '*"Cs
apart from some temporary increases is mainly due to the dilution with the water masses,
especially by the mixing of the Kuroshio and Oyashio Current [81]. It was shown in ocean
model calculations and measurements, that the Cs contamination was transported east-
wards [82, 83| and arrived at the Canadian coast in 2013, with a maximum concentration
detected of 2Bq/m? in 2014 [84].

Apart from the highly volatile elements I and Cs, in seawater also radiostrontium (3Sr,
Ti» = 50.5d and *Sr, T/ = 28.64a) has been found in surface waters offshore the
FDNPP. The results of these measurements have been summarized and analyzed by
Povinec et al.[86]. Even though the concentrations are not of radiological concern
(10Bq/m?® — 9kBq/m? of PSr at a distance of 15km from the coast), it was estimated
by Povinec et al. that the total amount of 1 PBq ?°Sr was directly released to the ocean.
The isotopic ratio 2°Sr/137Cs of around 0.1 in seawater is rather high compared to the
corresponding ratios of 0.1 — 0.0001 which were found in soil samples from atmospheric
deposit [80]. This indicates that the direct release of low-volatile elements as Sr to the
seawater is of greater significance than by atmospheric deposition in case of the FDNPP
accident, which could be also the case for Pu and Np. However, so far, the concentra-
tions of Pu found in seawater were consistent with those detected before the Fukushima
accident [87, 58] (for more detailed information, see Ch. 3.5).

There are several different estimates on the source term already published, with some of
them being summarized in Tab. 3.1 in order to demonstrate the order of magnitude and

variation between the different studies.
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Figure 3.6.: Detected concentrations of 31T (pink), **Cs (cyan) and 37Cs (dark red) close
to the intake of Unit 3 in the time between March 2011 and July 2013. From
a initially very high specific activity of 1 GBq/L, the concentration quickly
decreases in the first three months. The curve of 1 ends in august 2011, as
the activity has dropped below the detection limit. Modified from [85].

3.4. Inventory of FDNPP | at the moment of SCRAM

In order to distinguish a possible entry of actinides into the Pacific Ocean due to the
FDNPP accident from other sources (compare Ch.2.5), the characteristics of the reactor
cores with respect to the actinides have to be well-known. This means the inventory and
composition of the fuel at the moment of the accident. In the following, all results on the
reactor inventory refer to the moment of emergency shut-down, when the chain reaction
was stopped. Consequently, neutrons for the build-up of actinides starting from 23*U and
25U were no longer available. After the SCRAM, the dominating process is the radioactive
decay of the fission and activation products. The decay of the short-lived nuclides like
241py and thus the built-up of its daughter nuclide 2*!Am, has to be considered when
comparing measurement results with the theoretical calculations presented in this chapter.
For an overview over the most important actinide nuclides, which were built up during
operation of the reactor and possible decay channels after shutdown, the corresponding

section of the chart of nuclides is shown in Fig. 3.7.

The most widespread method to calculate the composition of nuclear fuel is the application
of the ORIGEN code, which was developed in the early 70s’ at Oak Ridge National

Laboratory [93]. Since then, different revised versions of the program (e.g. ORIGEN2[94],
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Reference Direct release Atmospheric deposition
BT [PBq] Cs [PBq| 31T [PBq] Cs [PBq|

TEPCO (2012) [66] 2.81 1.9 ; ;
(Apr.-May) (Apr.-May)

Bailly du Bois et al. - 12 - 41 B7Cs - 0.076

(2012) [88] - (Mar-Jul) (80 km radius)

Buesseler et al. 2 37Cs in area of 150.000 km?

(2011) [89] (March-June)

Honda et al. (2012) 0.18 137Cs

Kobayashi et al. 11 3.5 137Cs 99 7.6 1¥7Cs

(2013) [90] (March 26 - June 30)

Kawamura et al. 57 5 B7Cs 67 6

(2011) [91] (March 12th - April 30th)

Table 3.1.: Comparison of the results for the source term of the radioactive contamination
of the Pacific Ocean due to the FDNPP accident obtained by different studies.

ORIGEN-ARP [95]) have become available in order to improve the predictions for nuclide
inventories and to increase the speed of the calculations. Basically, reactor codes solve

coupled, linear differential equations of the simple form

dX;
dt

with X; being the atomic density of nuclide 7. If considered in more detail, however, there

= Production rate — Removal rate (3.2)

are many different production and removal channels in the fuel matrix which were dis-
cussed for the relevant actinides in Ch. 2.4. Especially when the fuel element was already
irradiated for some time in the reactor, there is a large number of parameters which have
to be taken into account. For example, the time evolution of the concentration of a nuclide
crucially depends on the position and energy dependent neutron flux. However, the neu-
tron flux itself is affected by the fuel composition at that time, so that the concentration
of a certain nuclide strongly depends on the irradiation history and thus, the burn-up of
the fuel elements. In order to keep the burn-up homogeneous in the core, only a certain
number of fuel elements is replaced by fresh fuel during a refueling cycle. Furthermore,
the fuel geometry, the moderator density and the void coefficient (in case of a BWR) [96],

among others, play an important role.

Detailed information on the refueling cycles and power, i.e. irradiation history of the
reactor cores of FDNPP I had not been available to the public before 2012 [97]. Therefore,
early studies on the core inventories had to make assumptions on some of these parameters,

which lead to some variations in the results even though the same reactor code was used.
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Am 237 | Am 238 | Am 239 | Am 240 | Am 241 Am 243
73.6 m 98 m 11.9h 50.8 h 432.6a 141 a [16.02 7364 a
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Figure 3.7.: Section of the chart of nuclides showing the actinide region with the most
relevant nuclides for a thermal nuclear power plant. Image produced with
Nucleonica [92].

For example, Kirchner et al. used the activity ratios of a number of radionuclides detected
in air samples from Europe which had been attributed to the accident in order to estimate
a mean burn-up of Unit 1-3 of 26.7 GWd/t (Gigawatt days per ton of fuel) [98]. Still, there
is no information on the composition of the MOX fuel published which was confirmed by
TEPCO [5]. However, with 5.48 % of the fuel elements of Unit 3, the MOX fraction is very
small, so that it can be either neglected or the composition of spent fuel can be used as an
approximation [99]. A detailed summary of the core parameters of the FDNPP required
for the inventory calculations and on the assumptions made in different studies can be
found in [5].

Tab. 3.2 gives the results of different studies on the average inventory of the relevant

nuclides 239241 Py,

2"Np and ! Am in addition to the corresponding isotopic atom ratios.
In order to make the results from the different studies comparable, the nuclide inventories
were normalized to 1tHM (ton Heavy Metal) where an initial mass of 69 tHM for Unit 1
and 94 tHM for Unit 2 and 3 [99], respectively, was used. The composition of the spent fuel
pools were not considered in this table, as there is no indication up to now, that there was a
direct release of radioactive efluents into the ocean from there. Consequently, an emission
of actinides from the spent fuel pools is also not expected. In general, the different results
for the inventories for one nuclide agree within 10 % to 30 % and thus show the reliability

of those reactor core calculations. The results can also be reproduced when starting
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JAEA Schwantes et al. Kirchner et al. Hannstein (GRS)

[97] [79] [98] [101]

Unit (1-3) Unit (1+3) Unit (1-3) Unit (2)
Code ORIGEN2 ORIGEN-ARP ORIGEN-ARP Serpent 2.1.21
Nuclide
B9py 1.02-1013 8.93-10*2 9.7-1012 9.39-10'2
240py 1.28-1013 1.46-10"3 1.4-10'3 1.10-10*3
241py 3.17-10% 2.91-10% 2.8:10% 3.00-10°
BTNp 7.09-10% N.D. N.D. 6.65-10%
2 Am 6.05-10'2 3.59-10*2 3.6-1012 4.63-1012
Atomic
ratio
240py /239Pu 0.34 0.44 0.39 0.32
241py /29Pu 0.18 0.19 0.17 0.19
BTNp /239Pu 0.06 - - 0.06
2Py 21 Am 17 27 26 22

Table 3.2.: Results for average inventory of FDNPP I in Bq/tHM and the corresponding

atomic ratios calculated in different analyses.

from the core parameters of Unit 2 and using a different code than ORIGEN, such as
Serpent [100, 101]. In general, the isotopic ratios for Pu, ?*°Pu/?Pu and **'Pu/?*Pu, of
the FDNPP are significantly higher than for the most prominent source of contamination
in the environment, the nuclear bomb fallout. Thus, the isotopic ratios of Pu can be
used as fingerprint to identify Pu emitted into the ocean by the accident, which will be
discussed in more detail in the next section. At SCRAM the number of ?*!Pu atoms is
more than one order of magnitude higher than its isobar 22! Am. 5 a after the accident, the
isotopic ratio 2#'Pu/?*'Am has already decreased by a factor of around 4.4. Data for the
"Np inventory are hardly available as it is not of immediate radiological concern because
of its long half-life (77, = 2.144-10%a). Consequently, the isotopic ratio **"Np/?*Pu of
0.06 obtained by Nishihara et al.[97] and confirmed by V. Hannstein [101] is subject to
increased uncertainties. However, compared to the 2"Np/?9Pu ratio of 0.45 attributed
to global fallout [49], the characteristic ratio of the FDNPP is a factor 7.5 lower.
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3.5. Identification of a possible entry of actinides into

the Pacific Ocean

From the theoretical predictions discussed in the previous section, Pu which entered the
environment by the FDNPP accident should show increased ?*°Pu/?*Pu and ?*'Pu/*Pu
ratios compared to the fallout from nuclear weapon testing. These predictions were sup-
ported by the findings of Zheng et al.[3], who reported on increased *°Pu/?°Pu and
241Py /239Pu ratios in soil and litter samples at a maximum distance of 32km from the
FDNPP. The results of these measurements are plotted in Fig. 3.8 along with the respec-
tive ratios of global and atmospheric fallout in Japan and also for the fallout from the
Chernobyl accident. The detected ratios of 0.303—0.330 for 22°Pu/*%Pu and 0.103—0.135
for 24'Pu/?%Pu were in good agreement with the theoretical predictions from the reac-
tor core calculations (compare Ch.3.4), they were attributed to the FDNPP accident.
The specific 2397249Py activity, i.e. the 2397249Pu concentration, in those samples with
increased isotopic ratios, however, was comparable to other soil samples with global fall-
out signature. This already demonstrates, that a simple comparison of Pu concentrations
before and after the accident is not sufficient to answer the question concerning a possible
release into the environment in general, but especially into the ocean. It can be expected
that due to the low solubility of PuO,, only small amounts of Pu were transferred from the
fuel to the coolant, which was then diluted in a large volume of sea water. An estimation
of the increase in the overall concentrations in the Pacific Ocean is not possible, as the
transfer rate of Pu to the coolant, especially under the extreme conditions of a core melt-
down, is hardly known. However, it can be assumed that the increase in concentration
is not detectable when just distributions are compared, as Pu concentrations can vary
significantly, e.g. one order of magnitude with depth [57]. Consequently, no significant
increase from the pre-accident Pu levels was observed by Bu et al. using ICP-MS [58, 102],
who studied a distribution of concentrations at a number of sampling locations off the

Fukushima coast.

For this reason, most studies on the emission of Pu into the environment by the FDNPP
determine the isotopic ratios of Pu, especially 24°Pu/?°Pu, in addition. Fig.3.8 clearly
shows that for the identification of a Pu contamination on the Japanese mainland, it
is sufficient to determine just the mentioned ratio. It is quite different for the other
two most prominent sources for Pu, the global and atmospheric fallout (?*°Pu/?3Pu=
0.18 — 0.19). When seawater or sediment samples from the Pacific Ocean are considered,
also the tropospheric close-in fallout from the PPG[50] has to be taken into account.
This type of fallout which entered the ocean close to the PPG (compare Ch.2.5), can
have 219Pu/?Pu ratios of up to 0.34[2]. By mixing with water masses dominated by

global fallout, tropospheric close-in fallout lead to increased 2°Pu/?*Pu ratios of around
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Figure 3.8.: 2%Pu/?*Pu and **'Pu/*?Pu ratios measured in soil and litter samples close
to FDNPP in comparison to respective ratios of global fallout, atmospheric
fallout in Japan and fallout from the Chernobyl accident. Both ratios to-
gether serve as a clear signature of Pu from the FDNPP accident, also in sea
water, as it can be also distinguished from tropospheric close-in fallout whose

characteristic ratios are marked in red. Modified from [3].

0.27 off the east coast of Japan in water and sediments even before the accident [55]. The
range of detected values for the isotopic ratio of tropospheric close-in fallout is marked
in red in Fig. 3.8. First studies, which measured similarly elevated 24°Pu/?*Pu ratios in
seawater after the accident, were therefore not able to make a clear statement on a release
of Pu into the Pacific Ocean [4, 87, 58, 102].

A considerable part of *'Pu (T}, = 14.35a) produced during the weapon testings in
the 1950’s and 60’s has already decayed. Consequently, the isotopic ratio ?*!Pu/*Pu of
0.00194 for global fallout on the northern hemisphere [51| and for local tropospheric close-
in fallout of up to 0.0044 [53] (decay corrected to January 1st, 2000) is clearly different from
the FDNPP signature of 0.18. The determination of both isotopic Pu ratios will provide
reliable information about an additional entry of Pu due to the FDNPP accident and its

distribution in the Pacific Ocean. As discussed in Ch. 2.6, a mass-spectrometric technique
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3.5. Identification of a possible entry of actinides into the Pacific Ocean

had to be applied, for a separate detection of 2**Pu and ?*°Pu. Because of the small sample
volume of only 20 L and the expected low concentrations of especially 2#'Pu in the ocean
water, Accelerator Mass Spectrometry (AMS) was chosen as detection method. However,
the detection of ?*!Pu, an almost pure 5~ emitter, poses a problem for mass spectrometric
techniques due to the isobaric interference of its daughter nuclide 2**Am. Therefore, a
highly efficient and reliable chemical suppression of Am is required. In addition, in order
to increase the overall detection efficiency for Pu and Np, also those two elements have
to be separated chemically, so that AMS samples for each element can be produced from
one water sample. As demonstrated in Ch.2.5 and 2.6, there is only little data on 2"Np
concentrations and isotopic ratios in the Pacific Ocean before the accident available. So
far, no measurements on 2*’Np in the environment after the accident has been published
and also little information on the *»"Np inventories from theoretical predictions can be
found (compare Ch.3.4). For this reason, the determination of the 2”Np concentrations
in the present seawater samples will contribute considerably to improve the data on 23"Np
in the environment in general. The description of the seawater samples and the chemical
sample preparation procedure developed in the frame of this PhD thesis are discussed in

the next chapter.
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4. Ocean water samples and AMS

sample preparation

4.1. Sampling of sea water

Two different types of ocean water were studied regarding the 23°Pu, 24°Pu, ?*'Pu and
Z3TNp concentration in this work. First, Atlantic Ocean (Irish Sea) water with a well-
known and rather high concentration of the mentioned actinides to test the developed
detection method, i.e. the chemical separation and the AMS measurement procedure.
And secondly, selected Pacific Ocean water samples which potentially might show a FD-
NPP signature in addition to background samples which were collected at a large distance

to the Japanese coast.

4.1.1. IAEA-443: Irish Sea Water

5L of the certified reference material IAEA-443 were purchased from the International
Atomic Energy Agency (IAEA). This material is water collected in the Irish Sea in 1993
at two sampling locations (54°24.89’'N - 3°33.62'W and 54°23.2'N - 3°33.45"W) close to
the reprocessing plant Sellafield in UK [103]. In total, 3600 liters were sampled in which
increased concentrations of especially anthropogenic radionuclides can be expected due to
the release from the reprocessing plant into the ocean. The water was acidified to pH < 1
already on the ship to destroy organic compounds and microorganisms. Furthermore, it
has been shown that acidification reduces the adsorption of actinides on exposed surfaces
like the container walls[104]. The water was distributed to altogether 28 laboratories to
detect the concentrations of different natural and anthropogenic radionuclides by gamma-

and alpha-spectrometry, beta-counting and mass-spectrometry.

Depending on the number of laboratories which determined a specific isotope concentra-
tion and the relative uncertainty of the stated concentration,the certificate distinguishes
between certified and information values[105]. Whereas the combined massic activity

(activity relative to mass) of 2*9t219Pu does fulfill the requirements for a certified value,
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4. Ocean water samples and AMS sample preparation

Radionuclide Information value Combined expanded uncertainty

|mBq//kg] [mBq/kg|
N (%9Pu) 8.2 0.8
N (*0py) 7.0 0.6
N(**'Pu) 161 19

Table 4.1.: Information values on the massic activities of 23°Pu, ?*°Pu and ?*'Pu in the
reference material TAEA-443. Decay corrected to 01/01/07. [105]

the massic acitivities of 2Pu and ?4°Pu detected by ICP-MS and high resolution alpha-
spectrometry are specified only as information value [103|. In addition to the information
value for 24'Pu, which was determined by alpha-spectrometry (calculated from the 2! Am
in-growth), liquid scintillation, and mass spectrometry, the massic activities of *Pu and

240Py from the reference sheet are listed in Tab. 4.1.

The massic activity of 2"Np of (7 & 3) mBq/kg was determined by one laboratory only,
using gamma-spectrometry and therefore is neither a certified nor an information value.
Consequently, this value can only be used as an estimate for the order of magnitude of
the 23"Np concentration. For further information on the reference material and also the

corresponding uncertainties, refer to[103, 105].

4.1.2. Pacific Ocean water

Samples were collected on the cruise KH-12-4 (GP02) of the ship R/V Hakuho Maru which
left Tokyo (Japan) on August 23, 2012 and arrived in Vancouver (Canada) on October 2,
2012. The route of the ship in the North Pacific Ocean and the different sampling stations
are shown in Fig.4.1. The cruise was part of the GEOTRACES program which aims at
the investigation of the biochemical cycles and distribution of trace elements and the
corresponding isotopes in the marine environment [6]. For the collection of the sea water,
Teflon-coated Niskin bottles (12L) mounted on a CTD-CMS (Carousel Multi Sampling
System) and a large-volume water sampler (250 L x 4) were used. The water was filtered
and acidified to pH < 1 with HNOj directly on board of the ship.

42 samples with around 20 L each were provided by Prof. M. Yamada from the Hirosaki
University. A complete list of all samples received by the TUM with the exact coordi-
nates of the sampling locations can be found in Appendix H. However, considering the
behaviour of actinides in sea water (compare Ch.2.2.3), with especially Pu showing a
fast sedimentation, and the date of the cruise, it can be expected that only the two sam-

pling stations located closest to FDNPP possibly show a detectable signature from the
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Figure 4.1.: Track of cruise KH-12-4 from Tokyo to Vancouver (Aug. 23th, 2012 - Oct.
2nd, 2012) presented as red line. Sampling stations BD1 - BD17 are marked

with black or white circles.

NPP. Consequently, all samples from station BD02 and three samples from BD04 listed in
Tab. 4.2 were prepared for the AMS measurements in addition to 4 background samples
collected at stations which were located at larger distances to the Japanese coast. The
distances to the FDNPP in the table were calculated from the geographic coordinates
of the FDNPP (37.422° N, 141.034° E) [71] and of the samples using the spherical law of

cosines assuming the earth as a perfect sphere.

The sampling stations closest to the FDNPP, BD02 and BD04, are also marked on the
map in Fig. 4.2 showing the central part of Japan to illustrate their location with respect
to the FDNPP. The green arrow in this figure is pointing on the location of FDNPP and
the dashed white circles indicate the approximate distance to the NPP given in the white
boxes. The southward directed Oyashio Current off the coast of Fukushima prefecture [81]
favors the transport of radionuclides in southern directions[106], so that the location of
BDO02 southeast of FDNPP might be advantageous for the detection of Pu emitted from
the FDNPP.
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Sample type Station Depth [m] Distance to FDNPP [km]

Fukushima BD02 0 39.06
relevant BD02 20 39.06
BD02 50 39.06
BD02 100 39.06
BD02 (B-10) 39.06
BD04 50 254.1
BD04 300 254.1
BD04 500 254.1
Background BDO7 100 1890
samples BD11 4000 3346
BD15 1000 4811
BD17 0 7037

Table 4.2.: Pacific Ocean water samples which were prepared for the analysis of the Pu and
Np concentration using AMS. The lower four samples served as background
samples to characterize nuclear bomb fallout. B-10 denotes “bottom - 10m”

and corresponds to 139 m depth.
4.2. Chemical Pu and Np extraction

On the one hand, it has been shown in Ch. 3.5 that for the identification of an entry of
actinides into the Pacific Ocean emitted by the FDNPP, it is essential to detect ?*!Pu and
to determine the isotopic ratio 2'Pu/?Pu. On the other hand, the two isobars 2*'Pu
and its daughter nuclide ?*! Am cannot be separated by AMS as explained in Ch.6.4. To
solve this problem, Am has to be efficiently separated by chemical means but with a high
yield for Pu. This demand on the chemical sample preparation method developed within
the scope of this thesis, had highest priority. Another aim was to extract Np to produce

a separate AMS target to increase counting statistics both on Pu and Np.

Even though there are many different separation procedures for actinides already pub-
lished, a modified procedure had to be developed in order to meet the requirements not
only for AMS but also for a- and y-spectrometry and ICP-MS. The latter three detection
techniques were used to determine the chemical yield of the Pu and Np extraction method
(see Ch.5). Most of the published methods are adjusted to only two different detection
techniques at maximum. Furthermore, the sample preparation was intended to be used in
the laboratory of the MLL which is equipped with two exhaust hoods with certain restric-
tions. For this reason, the use of some chemicals such as HF and some other hydrohalic

acids is off-limits which are frequently used for the Pu and Np extraction. Consequently,
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Figure 4.2.: Map of the central part of Japan in which the location of FDNPP is indicated
by the green arrow and the sampling stations BD02 and BD04 are marked
in red. The white dashed circles represent an estimate of the distance to
FDNPP. Map from [107], modified.

these reagents had to be eliminated from the separation method. Finally, the procedure
should be kept simple, which means the separation itself should be performed within one

day with as little rinsing steps and medium changes as possible.

For this purpose extraction chromatography was chosen which is introduced in this section.
Two other techniques commonly used for actinide separation, i.e. solvent extraction and
ion exchange chromatography are described in Appendix D. In addition, the final chemical
procedure which was applied to the sea water samples to extract Pu and Np is presented.
It is also shown, that extraction chromatography requires a defined solution and a low
salt concentration. Therefore, the salt matrix has to be separated and the actinides
concentrated before the chromatography. Concentration was done by evaporation and iron
hydroxide co-precipitation which also serves to reduce the salt content. Both preparatory

steps are also described in this section.
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4. Ocean water samples and AMS sample preparation
4.2.1. Concentration using a rotary evaporator

In order to simplify the handling of the samples, the volume of 20 . was reduced to 5-
6 L by evaporation using a rotary evaporator. The maximum volume which could be
evaporated was limited by the precipitation of salts in the sample volume. This had to
be avoided, because especially Pu(IV) and Np(IV) preferentially stick to solids as it was
discussed in ch 2.2 which leads to the co-precipitation along with the salts. However, the
additional aim of the pre-concentration was to separate the salt matrix present in the sea
water. A RE-111 rotary evaporator purchased from Biichi Labortechnik AG was used to
concentrate the samples. The oil filled heat bath was set up during this work. Both are

shown in operation in Fig. 4.3.

Immersion
heater
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Figure 4.3.: Rotary evaporator and heat bath filled with oil used for the concentration of

the Pacific Ocean water samples from 20 L to around 5 L.

The 3L evaporation flask on the right side which dips into the oil bath was filled with
maximum 1.75 L. sample material and was set into rotation. The oil was heated to around
120 °by a 2.0kW immersion heater with a flat heating coil bought from Liikon AG. The
immersion heater was controlled by a temperature switch which continuously monitored
the temperature of the oil bath by a sensor. The rotation speed had to be chosen fast
enough so that a thin warm water film forms on the inner side of the evaporation flask.
Hence, the liquid can be very efficiently evaporated from a large surface, compared to
which the direct evaporation from the horizontal surface of the water volume is negligible.
In this way, the sample volume could be reduced by a factor of 5 in around 5h. Special
care had to be taken while setting the temperature of the oil bath, that the water did not
start boiling or bumping which is a well known phenomenon for water. During boiling, Pu

and Np can be dragged along with the water molecules and thus might be lost from the
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4.2. Chemical Pu and Np extraction

sample volume. However, due to the rotation of the flask the risk for boiling, in general,

is decreased compared to usual surface evaporation.

4.2.2. Spike material IRMM-085

The spike isotopic reference material IRMM-085 which contains a well-known concentra-
tion of ?*?Pu, was purchased from the Institute for Reference Materials and Measurements
(Geel, Belgium). The certificate can be found in Appendix G. ?*?Pu was chosen as spike
isotope as with its long half-life of 3.750-10 a[19] it is well suited for AMS and due to
its low specific activity it can be also handled in a non-controlled area. Furthermore, the
IRMM-085 has especially a much lower ?'Pu contamination than e.g. the ?**Pu spike
solution IRMM-084 which was also considered regarding the half-life. However, by adding
5-10° 24Py, the sample would be contaminated also with 2-10% 2'Pu atoms, which is in

the same order of magnitude as the expected amount in the Pacific Ocean water samples
(see Ch.2.5).

The mass concentration of the stock solution of 9.464(14) ng(**?Pu)/g(solution) which
corresponds to 2.3552(35)-10¢ 222Pu atoms/kg(solution) is too high for the application in
AMS measurements. Therefore, a dilution series was prepared with the final 24?Pu solution
used to spike the samples having a concentration of 4.00(4)-10° *#2Pu atoms/g(solution)
(30.9.14). The spike solution was stored in PFA bottles in order to keep the attraction of
Pu(IV) to the wall as small as possible. Furthermore, the bottle was weighed before and
after the required solution was removed, to take a possible evaporation of the solution

into account. Both effects might alter the concentration of ?*2Pu in the solution.

The concentrated sample was transferred to a 5 L. beaker or if necessary it was divided into
two 5 L beakers. The canister which had contained the concentrated sample was washed
three times with the distillate of the respective sample. The sample was then heated up
to approximately 70° C to make sure that salts which might have precipitated, were re-
dissolved again. The sample was spiked with around (2—5)-10° ?*2Pu atoms taken from the
IRMM-085 spike solution. To obtain an accurate number of the added ?*?Pu atoms, the
used spike solution was weighed before. Tab. 4.3 shows the corresponding contaminations
of the interesting Pu isotopes in the added spike which have to be considered when
calculating the final Pu concentrations in the samples. The sample was left stirring
overnight to achieve an equilibrium and a homogeneous mixture between spike solution

and the sample.
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4. Ocean water samples and AMS sample preparation

Isotope Number of atoms

N(242py) 2.00-10°
N(239Pu) 1.64-10°
N(240py) 2.16-10°
N(241Puy) 5.07-103*

Table 4.3.: Contaminations of 2**Pu, 2*°Pu, 2! Pu introduced into the sample by the spike
solution when adding a spike of 5-10° ?*2Pu. * decay corrected to 01/12/15.

4.2.3. Fe(OH); co-precipitation

Following the procedure described in [108]|, Fe(NO3); solution, which provides the Fe**
ions for the co-precipitation, was added such that the overall concentration of Fe in the
sample was larger than 12mg/L. NH4OH was slowly dropped into the sample at a tem-
perature of 70°in order to increase the pH of the solution. At a pH of 7, Fe(OH); started
precipitating which can be seen as red flocks in the rear beaker in Fig.4.4 whereas the
solution in the front beaker still is clearly acidic. The pH was not allowed to be raised
above 8.5, because salts from the sea water already start precipitating leading to a poor

separation between actinides and the salt matrix.

The efficiency of the co-precipitation crucially depends on the oxidation states of Pu and
Np. As discussed in Ch. 2.2.1, the reduced species preferentially stick to particles whereas
the oxidized species do not. Consequently, either one has to make sure that Pu and Np are
present in oxidation state +1II or +IV, respectively, by adding a reducing agent [109], e.g.
NaHSO3[12], so that the co-precipitation can be performed with a small amount of Fe?",
or a sufficiently large quantity of Fe*>" has to be added, i.e. > 10mg/L, for the additional
co-precipitation of the oxidized species [104]. The different behavior of Pu(IV) and Pu(V)
is demonstrated in Fig. 4.5. This plot shows that during Fe(OH)3 co-precipitation almost
100% recovery can be obtained for Pu(IV) even at Fe3* concentrations below 1mg/L
whereas the recovery for Pu(V) is well below 10 % at this Fe3* concentration. However,
the Pu(V) recovery approaches 100 % at Fe3" concentrations larger than 10 mg/L. In first
order, it can be assumed that Np behaves similarly and can be completely co-precipitated
using insoluble metal-hydroxides [110]. The major difference to Pu is, that Np(V) is
the dominating species in sea water, so that it can be expected that an efficient co-
precipitation can only be obtained with significantly increased Fe3* concentration. In
this work, an excess of Fe3™ of a least 12mg/L was added to the sample, as Fe>* ions do

not interfere during the separation process (see Ch.4.2.4).

The sample was stirred for one further hour in order to increase the probability for adsorp-
tion of Pu and Np on the Fe(OH)s cluster. Then the precipitate was left to settle for at
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4.2. Chemical Pu and Np extraction

Figure 4.4.: Sample during the concentration step using Fe(OH);3 co-precipitation. In the
rear beaker, the pH was adjusted to 8 leading to the precipitation of Fe(OH)3
whereas in the front beaker the Fe3* ions are still in solution, causing the

light yellow colour.

least 5 h or if possible overnight, then the supernatant was removed by a peristaltic pump.
The precipitate was distributed over several 50 mL centrifuge tubes and the samples were
centrifuged 20 min at around 3200 rpm (rounds per minute). Finally, the different parts of
the precipitate were combined in one centrifuge tube and washed three times with diluted
NH,4OH. The residue was dissolved in concentrated HNO3 and evaporated to dryness. In
this work, it was observed that in this way a salt is formed which can not be re-dissolved
in concentrated HNOg3. As this salt might interfere with the element separation process,
it had to be filtered out of the sample solution. For this purpose, the dried precipitate
was re-dissolved in 6 M HNOj and filtered through a 12 pum filter and then evaporated to
dryness. The filter was washed with 25 mLL 6 M HNOj3, which was added to the sample
solution. An EDX (Energy Dispersive X-Ray) analysis of the salt identified silicon oxide
as major constituent which is known to be insoluble in most solvents and which is present

in natural waters.
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Figure 4.5.: Graph showing experimental values for the recovery of Pu(IV) and Pu(V)
during Fe(OH)s cluster co-precipitation. Whereas Pu(IV) can be obtained
with almost constantly high recovery of around 100 %, the Fe3" concentration
has to be raised above 10 mg/L to obtain similar recoveries for Pu(V). Taken
from [104].

4.2.4. Extraction chromatography using TEVA resin

In general, there are three techniques regularly used to separate actinides: solvent extrac-
tion, ion exchange chromatography and extraction chromatography. The latter was found
to meet the requirements of the present study best and will be introduced in detail in the
following. Information on solvent extraction and ion exchange chromatography can be

found in Appendix D along with a discussion of the reasons why they were not chosen for
the current application.

Extraction chromatography can be described as a combination of solvent extraction and
ion exchange chromatography. For extraction chromatography, the organic phase of sol-
vent extraction is made stationary by applying it to inert porous beads which forms
the resin. Analog to ion exchange chromatography, the resin is filled in columns which is

passed by usually acidic solutions, denoted as mobile phase, and which corresponds to the
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4.2. Chemical Pu and Np extraction

aqueous phase of solvent extraction. Consequently, extraction chromatography shows the
high elemental selectivity of solvent extraction but several columns with different resins
can be easily combined forming a separation technique with several stages [111, 112]|. Ex-
traction chromatography was developed in the early 90’s at Argonne National Laboratory
and now is commonly used for the separation of actinides|111, 113]. The corresponding
resins are commercially available from Eichrom Technologies, INC. and are distributed in

Europe by TrisKem International.

Each of the resins is highly specialized for the separation of a specific group of radionu-
clides. Again, the retention of a radionuclide which is described by the resin capacity
factor k', strongly depends on its oxidation state in the column load solution. &’ is defined
as ratio of the number of free column volumes (FCV) and the maximum concentration
of the respective ion in the eluate [114]. The FCV is the void space in the column and
therefore can be used to quantify the volume of mobile phase which has passed through
the column [115]. Hence, the larger the value for &/, the stronger the adsorption of the
ion species on the resin. Fig. 4.6 shows the dependence of k&’ on the acid concentration of
HNOj (left side) and HCI (right side) for the TEVATM (Tetravalent actinides) resin. The
chemically active substance of this resin is referred to as Aliquat”-336, which contains
a quaternary amine as active component and thus is closely related with anion exchange
resins. Similar as described in the section about anion exchange, TEVA preferentially
adsorbs tetravalent ions. However, Fig. 4.6 clearly shows that a maximum adsorption on
the resin is already achieved in 3M HNOj3; compared to 8 M HNOj3 in the case of anion
exchange chromatography. Furthermore, as the active compound is present as liquid and
is not bound to the substrate, there is a higher flexibility in binding anions from the
mobile phase. This leads to a large difference in take-up between Pu(IV) and Am(III)
and thus, to a suppression of Am of around 5 orders of magnitude, which makes TEVA

very well suited for the present application.

It has to be considered that salts which complex the radionuclides might have a significant
influence on the retention on the column. This is especially relevant for sea water from
coastal areas, where high concentrations of phosphates can be expected. A particularly
strong effect can be observed for Np(+1V), which is presented in Fig. 4.7. When solutions
with a high phosphate or oxalate concentration pass through the column, the Np retention
drops several orders of magnitude if the HNOj3 concentration is kept constant (left side
of Fig.4.7). This effect can be attenuated by increasing the HNOj concentration and
thus providing more NOj ions (see right side of Fig4.7 for the example of oxalates) or by
adding for example AI*T ions, which are able to bind present complexing agents. On the
other hand, the strongly decreased adsorption of Np(IV) on the resin in the presence of
oxalates can be exploited to elute Np(+IV) from the column by just rinsing the column

with oxalic acid.
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Figure 4.6.: Dependency of the adsorption onto the resin in terms of the k’-factor on the
molarity of HNOj (left side) and HCI (right side) for the dominating oxidation
states of different elements for the TEVA resin. The Am(III) adsorption on
the resin in both media is suppressed by 5 orders of magnitude compared to
Pu(IV). [10]

Regarding the simplicity of handling, ion exchange and extraction chromatography seemed
to be most favorable for the present application. However, due to the chemicals required
for the separation with ion exchange chromatography, this technique had to be abandoned
for the use at the MLL (compare Appendix D). For this reason, a separation procedure
based on the work of Maxwell [11] and Horwitz et al [10] was developed further to match
the requirements of a-spectrometry, ICP-MS and AMS in addition to the specifications
of the lab at the MLL. The resulting final procedure is described in the following section.
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Figure 4.7.: Left side: Influence of the presence of different salts (sulfate, phosphate,
oxalates) in 1.9M HNOj load solution on the k'-factor of Np(IV). With in-
creasing molarity of the salts the adsorption onto the resin drops by up to
four orders of magnitude. Right side: Dependence of the k’-factor of Np(IV)
on the concentration of oxalates and the HNOj3 concentration. Taken from

[10].

The applied separation procedure

Starting from the dried iron hydroxide precipitate, this residue of the sample is redissolved
in 12ml 0.5M AI(NOj3)3 - 3SM HNO3. AI*" ions are required to complex phosphates and
oxalates which might be present in the sample and which limit especially the retention of
Np on the column. However, AI(NOj3)s3 leads to a high salt content in the Am fraction
which interferes with electro-deposition and very often shows elevated U concentrations.
Therefore, we were aiming for low Al(NOj)s concentrations. In the first test, AI(NO3)3
was completely eliminated from the procedure, but Np yields in sea water samples were

not satisfactory.

Since TEVA is only selective for oxidation state +IV, the oxidation state of Pu and Np
has to be adjusted to +IV, so that Pu and Np are retained on the TEVA column while
Am +I1T and U +VI pass through the resin. According to the procedure described in [11],
0.5ml 1.5 M sulfamic acid, 1.25ml 1.5 M ascorbic acid and 1ml 3.5 M sodium nitrite were
added to the sample solution for this purpose. Sulfamic and ascorbic acid are required to
reduce Pu, which can be present in different oxidation states, to +III. Afterwards Pu is
oxidized again to +IV with NaNO,. Np is more effectively reduced by Fe +II ions, which
are usually added as Fe +III and get reduced by the ascorbic acid. In this case, Fe +III
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4. Ocean water samples and AMS sample preparation

ions were already present in the solution due to the initial Fe(OH)s precipitation so that
no additional Fe was required. The final load solution was left to be completely oxidized
by NaNO, for 15 min [116].

The TEVA resin was washed with 3M HNO3; and 2-3ml of the resin were transferred to
the column after waiting for at least 15 min. The resin was rinsed with 5ml 3M HNO3 and
the sample solution was loaded on the column with a flow rate of around 0.5 ml/min which
was controlled manually. The Am, Cm, U fraction, which passes through the column, was
collected in a beaker and set aside for later analysis. The column was then rinsed with
20 Free Column Volumes (1 FCV =1.3ml) of 3M HNOj; which was collected in the same
beaker. The Pu was eluted from the column by reducing Pu to +III with 20 FCV 4 M
HNOj; - 0.1 M rongalite (sodium hydroxymethanesulfinate). Finally, Np was eluted with
20 FCV 0.4 M oxalic acid - 0.1 M HNOs.

The applied pre-concentration and separation procedure is presented as a flow chart in
Fig.4.8. In this process nitric acid was chosen as aqueous phase in all separation steps,
whereas it was pointed out before that HC] can also be used. Fig. 4.6 suggests an even
better Pu / Am separation in HCl making this option more favorable. However, the
separation in HCl was tested at the RCM showing a significantly lower recovery for Pu

than for the procedure with HNOj3 (compare Ch.5.3) and therefore was abandoned.

4.2.5. Combination with UTEVA resin for further U suppression

During the AMS measurements of the ITAEA-443 sample at the MLL it became obvious
that 23°Pu could not be clearly identified because of isotopic background from 23¥U in-
terfering with mass 239 (see Ch.7.1). As #%U is a primordial nuclide it is present in all
environmental samples at a concentration on the ppm level. Concerning the suppression
of U by the TEVA column, the retention of Uranium on the resin which is present in the
column load solution as U(VI), is around four orders of magnitude lower than Pu(IV)
(compare Fig.4.6) which leads to a reasonable U(VI) suppression, but it does not seem
to be sufficient if the difference in concentration between Pu and U is as large as in the
sea water samples. In order to reduce the concentration of U in the Pu fraction further,
the procedure using TEVA could be just repeated with the Pu fraction. However, this
means that the oxidation state of Pu had to be adjusted to +IV again.

A more convenient method which was tested in this work, was to use a
U/TEVAT™ (Uranium and tetravalent actinides) column in tandem with the TEVA col-
umn during Pu elution. U/TEVA binds tetravalent actinides as nitrato complex similar
to TEVA but also U(VI) [117] resulting in a high uptake of U in total which is presented
in terms of the capacity factor £’ in Fig.4.9. Different to TEVA which is closely related
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Figure 4.8.: Flow chart of the separation procedure for Am, Pu and Np using TEVA resin.

to a strong basic anion exchanger, the chemically active substance of U/TEVA is the or-
ganic extractant diamyl amylphosphonate which is applied to the inert support Amberlite
XAD-7. The retention of trivalent actinides on U/TEVA is suppressed by around three
orders of magnitude compared to the oxidation states +IV and +VI as shown by Fig. 4.9
for Am(IIT). Pu which was eluted from the TEVA resin due to the reduction to +III using
rongalite, also passed through the U/TEVA column which was placed directly below the
TEVA column. U, whose dominating oxidation states are +IV and + VI, was retained on
U/TEVA, so that U was further suppressed in the Pu fraction.

The flow chart of the separation procedure starting from the TEVA column, now with
the U/TEVA column in addition, is presented in Fig.4.10, which demonstrates that no
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Figure 4.9.: Dependency of the k'-factor on the molarity of HNO3 for the dominating
oxidation states of different elements for the UTEVA resin. Both, U(+1V)
and U(VI+) are retained on the U/TEVA resin whereas trivalent actinides
(e.g. Am(III)) are suppressed by three orders of magnitude. [10].

changes to the overall method are required. The Pu eluate from the TEVA column directly
passes on to the U/TEVA column which is then collected. Afterwards the two columns
are separated again and the elution of Np from the TEVA column can be started. Hence,
this method is very simple and does not need more time than the separation with TEVA

column alone.

4.2.6. Final AMS sample

In order to obtain the AMS cathodes, first, the Pu and Np solutions were evaporated and
redissolved with concentrated HNO3 and 40 % H,0, and fumed three times top destroy
organic compounds which might effect the following Fe(OH)3 co-precipitation. The dried
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Figure 4.10.: Flow chart of the separation procedure using an additional U/TEVA column
in tandem with the TEVA column during Pu elution for further U suppres-
sion. Preparation of the TEVA column load solution is identical to Fig4.8

and therefore not presented again.

up samples were then dissolved in diluted HNO3 and around 3mg Fe3t was added as
iron nitrate solution. For the Pu fraction ultra pure Fe(NOj3); was used to minimize
an additional entry of U. The Np fraction was spiked with 2 - 5-10° 242Pu atoms. By
adding NH4OH the actinides were co-precipitated with Fe(OH); at approx. pH9. The
samples were centrifuged 20 min at approximately 3200 rpm and were washed two times
with diluted NH,OH (approx. pH9). After drying the samples at 150 °C, they were ashed
in an oven at 600°C for 4h to produce oxides of Pu and Np in an Fe;O3 matrix. The
Fe;O3 was mixed with high purity silver powder (> 99.99%, Alfa Aesar) with a ratio
1:1 by volume then and pressed into a copper cathode for the measurements at the MLL.
Silver is added to obtain better thermal and electrical conductivity of the sample material
for a more efficient sputter process. Copper sample holders from the Physics Department
(TUM) workshop were chosen since they have shown a high purity with regard to U in
previous experiments [118]. For the detection of Pu and Np at VERA, the Fe,O3 was

pressed directly without mixing into an Al cathode.

4.2.7. Blank samples

Blank samples are essential to correct the measured concentration for background intro-
duced either during sample preparation or during the measurement itself. Background
can be caused by a contamination in the laboratory or the chemicals itself. Provider for
ultra pure reagents, for example, are only able to certify an uranium concentration below

ppm, which is still a very high concentration compared to AMS levels. Background from
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4. Ocean water samples and AMS sample preparation

the AMS measurement can be e.g. cross-talk in the ion source. Consequently, the blank
sample should be chemically processed in the same way as the real samples, the starting
material should consist of the same matrix and the concentration of the radionuclides of
interest should be as low as possible. Especially, the last requirement is difficult to be met,
as all surface waters and thus all oceans are contaminated with actinides due to nuclear
weapon fallout. The best chance to find natural waters free from nuclear fallout are very
old water layers located at great depths. In Munich, water originating from a water layer
from the Tertiary Period, located at a depth of 240 m, is pumped to the surface by deep
wells [119], which means that this water was not exposed to nuclear fallout. 1.6 L of this
water was used as starting material, accepting that the matrix i.e. especially the salt con-
tent and composition is different to the real samples. The following sample preparation
happened analogously to the Pacific Ocean water samples. Therefore, the contamination
introduced by the IRMM-085 spike is taken into account by the blank sample. For the
detection of 239~241Py and 23"Np in the IAEA-443 samples, ultra quality water purchased
from Roth GmbH & Co KG was considered as adequate as blank material, since the con-
centrations were expected to be at least an order of magnitude higher than in the Pacific

Ocean samples. The results of the blank measurements are discussed in Ch. 7.

4.3. Preparation of a *"Np/?*?Pu standard sample

It is pointed out in Ch.6.4.1. that for the correct determination of an absolute *"Np
concentration in the ocean water samples, a sample with a well-known 23"Np/2*2Pu ratio
is required. This sample can be obtained by mixing a ?*?Pu and a ?*"Np spike solution,
which are well described concerning the actual concentration of the spike radionuclide but
also concerning possible impurities. In case of the IRMM-085 242Pu spike solution, this
information is provided by the Institute for Reference Materials and Measurements (see
Ch. 4.2.2). The purification and characterization of the 2"Np solution, obtained from
the RCM, is described in Appendix E.

After mixing of the diluted 2*"Np solution with the diluted IRMM-085 242Pu spike solution,
3mg Fe?" was added for the following Fe(OH)3 co-precipitation. The AMS sample prepa-
ration then happened similarly to the sea water samples which was described in Ch. 4.2.6.
In that way, 5 standard samples for the measurement of the ocean water samples were
prepared which are listed in Appendix F, where the used amount of spike material and

the respective isotopic ratios are specified.
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separation procedure

The determination of the chemical yield was important especially for the detection of
27Np, as this quantity directly enters into the final result of the 23’"Np concentration in
the ocean water samples (compare Ch.6.4.4). However, the efficient suppression of Am
was of primary importance, apart from a high chemical yield for Pu and Np. Differences
in the chemical behaviour between macroscopic and trace amounts of TRU have been
discussed in Ch. 2. In order to study the separation procedure under similar conditions as
for the ocean water samples, only microscopic amounts of the tracer should be applied.
In this case, ICP-MS would be the detection method of choice. However, due to the
limited availability of ICP-MS, activity measurements have been performed to adjust the
separation procedure to the defined objective. Consequently, the separation method had
to fulfill the requirements of a comparatively large number of detection methods, which

will be discussed in this chapter along with the obtained results for the chemical recovery.

5.1. Experimental settings

For the activity measurements, ***Am (T, =7.4-10% a) and **?Pu tracer solutions with a
concentration of 18.38 + 0.55 Bq/g and 21.28 + 0.64 Bq/g, respectively, were provided by
the Radiochemie Miinchen (RCM). A contamination with #**Pu (2.09%) and 3°t24Pu
(0.32 %) was present in the 2#2Pu spike solutions. Using an 243 Am spike has the advantage,
that both, the Am suppression and the Np yield can be determined simultaneously, as
243 Am decays into the short-lived 23Np (T, /2 =2.25d). Consequently, secular equilibrium
between 23Np and its mother nuclide can be assumed. When separating 2*Np completely
from 2#Am, which is done by the applied chemical procedure, #°Np decays with its
characteristic half-life and can be detected by ~-spectrometry. Consequently, for the
correct yield calculation, the time when Am separation was finished had to be documented.
To make sure that there was no considerable build-up of ?*°Np activity due to the presence
of 243 Am, the a-activity in the Np fraction was determined in addition. The non-certified,

but well characterized 2>"Np solution, described in Appendix E and the ?*?Pu isotopic

71



5. Chemical recovery of the separation procedure

standard IRMM-085 discussed in Ch.4.2.2, were used as tracers for analysis with 1CP-
MS.

Apart from a general comparison of ion exchange using the anionic resin Dowex 1x-8 and
extraction chromatography, different variations of the procedure proposed by Horwitz [10]
and Maxwell [11] for the TEVA column were tested. No HF or other hydrohalic acids apart
from HCI are allowed in the laboratory of the MLL and hence, alternatives had to be found
e.g. for the very common elution of Np from the column with dilute HF. Furthermore,
TrisKem International' proposed a change of media from HNO3 to HCI for the elution of
Pu and Np from the column to increase the overall recovery (see Ch.4.2.4). In addition,
for all applied detection techniques it is advantageous to keep the salt concentration in
the final fractions low. Especially the Am fraction shows a very high salt load when
AI(NOj3) is used, as AI*T passes through the resin in the same way as Am3*. Therefore,
separation processes without AI(NOj3) were also tested. To start with, fresh water was
used as matrix material, to keep the influence of complexing agents on the recovery low
(see Ch.4.2.4). When the detected recoveries were satisfying, the matrix was switched
to sea water collected from the Atlantic Ocean. Finally, also one of the Pacific Ocean
water sample was used to obtain a Np recovery from a matrix material as close to the

real samples as possible.

5.2. Applied detection methods

The relevant a- and v energies emitted by the nuclides discussed in this chapter are listed

in Appendix A.

5.2.1. a- and ~-spectrometry

Nuclide identification by a- and ~-spectrometry is based on the detection of the charac-
teristic energy of the emitted a-particles and v-rays, respectively. Both processes are very
well understood from a nuclear physics point of view and are discussed e.g. in [120]. Most
often semiconductor detectors, that is silicon (Si)-detectors for a- and germanium (Ge)-
detectors for ~y-spectrometry, are used. Both detector types and their applications are
presented in more detail in [121]. Compared to the charged a-particles, energy loss of
~-rays in matter is very small. Consequently, 7’s have a long range, so that no specific
sample preparation was required for the detection of 23 Np after chemical separation. The

beaker with the Np solution was put above a high purity Ge-detector (Canberra, FWHM

IProvider for extraction chromatography resins
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= 0.90keV at 122keV, relative efficiency: 91.5%) which had been calibrated to the re-
quired geometry before. The samples were measured for 17h and all results were decay
corrected to the end of the Am elution process. The interpretation of the spectra and the
evaluation of the data was done by the RCM.

For a-source preparation, the respective fraction was fumed three times with concen-
trated HNO3 and 40 % H50s in order to destroy organic compounds. Afterwards, it was
redissolved in a electrolyte mixture of sodium hydrogensulfate and sulfuric acid and then
electroplated on a steel plate for 3 hours using currents between 0.5 mA and 1.2mA. A
detailed description of the electroplating setup at the RCM and its working principle can
be found in[122]. The samples were measured for about 240000s in an Integrated Al-
pha Spectrometer from Canberra [123] equipped with Passivated Implanted Planar Silicon
(PIPS) detectors with an active area of 100 mm? and 150 mm? respectively. The detection
efficiency € of the respective chamber is 0.036 and 0.023. Spectra were evaluated using
the Genie 2000 Alpha Analysis software from Canberra. Fig.5.1 shows an « spectrum
of a Pu fraction obtained from a TEVA separation process where 550 mL Atlantic water
was used as matrix material. 1.92 Bq 2*2Pu and 18.9 Bq ?**Am had been added as tracer

in this example.

In addition to the two most prominent emission lines of ?*2Pu, several other peaks at
higher energies with significantly lower intensity are visible in this spectrum. These can be
identified as a-particles emitted by 239+24°Py and 23®Pu, which were added to the sample
as impurities of the tracer solution, but which are very well separated from the ?*2Pu lines.
On the left side of 2*2Pu, i.e. at lower energies, a broad shoulder can be noticed, which
is formed by « particles which lost some of their energy when passing through a layer
of matter formed on the « source during electro-deposition. As this tailing represents
a severe form of background and worsens the resolution drastically, o sources should be
prepared as “mass-free”. However, the Pu fraction in this study contained an increased
salt concentration forming a visible layer on the a-source due to the elution of Pu with
rongalite, which could not be further reduced without decreasing the Pu recovery. In a
few cases, the electro-deposition did not work correctly due to the salt concentration, so

that no result for the 2*2Pu recovery is available for these samples.

The activity of the a-source was calculated starting from the number of 2*?Pu counts

N(?*2Pu) in a defined region of interest collected in time t by a detector with efficiency ¢

N(242Pu)

A(242PU) — —

(5.1)

From this value the corresponding activity derived from a background spectrum of a steel
plate was subtracted and the result was divided by the initial tracer activity to obtain

the recovery. No emission lines of 2**Am were noticed in any of the a spectra of the
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Figure 5.1.: a-spectrum of a sample with 550 mL. Atlantic water as matrix material and
1.92Bq **2Pu added as tracer. Apart from 2*2Pu also the #*¥Pu and 23%240Pu
impurities of the tracer solution are visible. Tailing is caused energy loss in

the material layer of the « source.

Pu fraction from the different separation processes. In two different measurements of
sea water a conservative estimate on the Am suppression was made by assuming that all
counts in the energy range of the two major emission lines of 2#*Am were real events. In
that way an Am suppression of around 1-10~% was obtained. This result compares well
to a test measurement of one of the Atlantic water samples by AMS, which resulted in a

similar value.

5.2.2. ICP-MS

There are several table-top mass spectrometry techniques available today, which basically
differ by the applied method of ion formation and injection into the mass separator. For
ICP-MS (Inductively Coupled Plasma Mass Spectrometry), usually liquid samples are
transformed into an aerosol by a nebuliser. This is required to produce small droplets

which can be then vaporized and finally ionized in the plasma torch at temperatures of
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around 7000° K [12]. In the torch, an argon plasma is ignited by a high-voltage spark and
is stabilized by the magnetic field which is generated by an external radio-frequency (RF)
load coil [124]. Consequently, the plasma is coupled to the power source by electromagnetic

induction.

Fig. 5.2 presents a typical ICP-MS setup with its most important components, i.e. the
sample injection system, the RF argon plasma source, ion beam optics, a quadrupole mass
analyzer, and at the end a particle detector, e.g. an electron multiplier. The ICP-MS
instruments used in this study, an ELAN 6100 (Perkin Elmer) of the Institute of Resource
Ecology at HZDR (Helmholtz Zentrum Dresden-Rossendorf) and a 7500cx (Agilent) [125]
of the devision “Sicherheit und Umwelt” at KIT (Karlsruhe Institute of Technology),
feature an identical setup. For more details on this type of ICP-MS instrument, its

operation mode and performance, please refer to[124, 126].
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Figure 5.2.: Principal setup of an ICP-MS instrument using a quadrupole analyzer for
mass selection. The liquid sample is transformed into a fine mist by the
nebuliser, which is then positively ionized in the inductively coupled plasma
ion source. After the quadrupole, ions are counted by an electron multiplier.
Taken from [126].

The sensitivities for the detection of actinides given in Ch. 2.6, refer to a modified ICP-
MS version, the so-called sector field ICP-MS, which uses a combination of a dipole
magnet and an electrostatic analyzer (ESA) as mass filter. This results in a considerably
better resolution compared to the usual ICP-MS using a quadrupole mass analyzer (ICP-
QMS). ICP-QMS suffers from molecular background, like 2*UH™ interfering with 23*Pu

detection. However, background due to tailing from ?**U is more severe on the low-mass

5



5. Chemical recovery of the separation procedure

side and hence, is a source for background on 23"Np. For the measurements at HZDR,
222Py and ®"Np solutions with three different concentrations (0.027ug/L, 0.055ug/L,
0.075ug/L) were provided for calibration.

Sample preparation for ICP-MS comprised fuming of the respective fraction with con-
centrated HNO3 and 40 % H,0, and re-dissolution in 1% HNO3 and hence, is only little
elaborate. In order to account for drifts during the measurement, an internal standard
is added to the sample. Rhodium (!®*Rh) was used at HZDR, but the corresponding
evaluation of the Pu data resulted in recoveries far more than 100 %, so that the internal
standard was left out of the calculation. A test series with various internal standards,
i.e. 2%2Th, 23U and '"Lu at SUM, showed some inconsistencies in the final result of
the same sample. Therefore, it was decided to conduct complementary measurements at
the Institute of Nuclear Waste Disposal at KIT where 'Rh was again used as internal

standard.

5.3. Results for Pu and Np recovery

A rather low Np recovery of 48 % was detected and 29 % of the 2#2Pu spike was found
in the Np fraction, when using the ion exchange resin DOWEX 1-x8 and fresh water as
matrix material. This is probably because the nitrate concentration for complexation
of Pu(+1V) is too low during Np elution with dilute HNO3. Consequently, also a part
of Pu is eluted from the column. To switch the Pu and Np elution step, however, did
not seem feasible, as the resin was completely destroyed after the strong acid HI had
passed through. Therefore, further development was focused on increasing the recovery
for the procedure based on TEVA. The proposed change from HNOj3 to HCI did not seem
promising, since only around 7% of 29Np was found to have passed into the Np fraction,

so that this approach was also discarded.

For each set of the most important parameters, which is sample volume and matrix, and
the use of UTEVA and Al(NO3)3, selected results for the Np and Pu recovery with 1o
uncertainty are listed in Tab.5.1. Results in the second half of the table were detected
by ICP-MS. A complete list of all separation processes and the respective recoveries can
be found in Appendix C. In the first place, these results suggest, that the use of AI(NOj)
does not make a difference for small sample volumes (500 mL), but for larger volumes of
sea water (3 L) the increasing salt concentration leads to a drop of the Np recovery as ex-
pected from Ch. 4.2.4. Therefore, the concentration of AI(NOj3) proposed by Maxwell [11]
had to be used for the Pacific Ocean samples, which means that an AI*" separation is
required before the Am fraction can be measured. Apart from a first set of measurements
at HZDR, all ICP-MS show significantly lower yields for both Pu and Np. The reduced
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5.3. Results for Pu and Np recovery

sample volume method AI(NO3); ?2Pu 239/23TNp
matrix [ml] yield [%] yield [%)]
fresh water 20 TEVA yes 88.9 £ 2.8 107 £ 10

sea water 550 TEVA yes 91.4 £ 4.3 829+ 7.9
sea water 550 TEVA no n.a. 93.1 £ 9.0
sea water 3000 TEVA no 88.8 £ 4.3 66.8 = 5.9
IAEA-443 600 TEVA no 114 + 12 96.9 + 7.8
sea water 550 TEVA+UTEVA yes 40.5 + 4.5 49.0 £ 7.2
Pacific 2750 TEVA+UTEVA yes 118 + 8.5 50.9 £ 5.7
Ocean

Table 5.1.: Chemical recoveries of Pu and Np tracer in different sample matrices with 1
sigma uncertainties detected by activity measurement (upper half) and ICP-

MS (lower half), n.a.: not analyzed.

Pu yield could be explained by the use of the additional UTEVA column, whereas for Np
there is no definite explanation at the moment. It is known that the choice of an inappro-
priate internal standard and a high salt content can lead to wrong ICP-MS results [126].
Problems with the salt content of the Pu fraction have been reported by the HZDR and
might explain recoveries of more than 100% which have to be discarded. No such prob-
lems were evident for Np and also not for Pu during the measurements at KIT. From the
current knowledge, variations in the recovery are interpreted as variations resulting from
the chemical separation and not caused by the applied detection technique. Consequently,
all processes listed in Appendix C using sea water were included in the calculation of a
weighted average for Np and Pu recovery. A recovery of 70 +9.2% was obtained for Pu
and 56 = 10% for Np, which enters the final result of the Np concentrations in the ocean

water.
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6. AMS setup and measurements

This work was aiming for the optimization of the Accelerator Mass Spectrometry (AMS)
setup and the measurement procedure at the Maier-Leibnitz-Laboratorium (MLL) for the
detection of 23%:240:21Py and 23"Np and the respective isotopic ratios using the reference
material IAEA-443. For this reason, this setup is discussed more detailed in this chap-
ter. The Pacific Ocean water samples, however, were measured at the VERA (Vienna
Environmental Research Accelerator) laboratory due to an unexpected, temporary clo-
sure of the MLL. Differences between the two AMS setups at the MLL and VERA and
differences in the detection method for actinides are presented in this chapter. Further
information on AMS and its applications at VERA can be found in [127, 128, 129]. The
general introduction to AMS is based on [130].

6.1. Introduction to AMS

AMS is the most sensitive detection method for long-lived radionuclides at present. Like
other mass spectrometric techniques, the concentration of a certain radionuclide in a
sample is determined by directly counting the ions, and is not based on the detection
of the radioactive decay. This makes AMS especially interesting for the investigation
of samples with low specific activity, i.e. small sample volumes and for radionuclides
with very long half-lives in the order of 103 - 10'° years. In a very simplified view, a
basic AMS setup can be represented by a negative ion source, two mass spectrometers
for mass separation connected by a Tandem Accelerator and a particle detector in the
end. The Tandem Accelerator which accelerates the ions to energies of up to several
MeV /nucleon leads to the complete suppression of molecular background, so that AMS
can reach significantly higher sensitivities than regular mass spectrometry. Molecular
background is suppressed, because the ions have to pass through a stripping foil or gas at
the high-voltage terminal of the accelerator where all the molecular bonds are destroyed.
Due to the high energies, nuclear physics principles can be used to separate also stable
isobaric background [131] and nuclear particle identification methods can be applied. In
this way, concentrations of long-lived isotopes down to 1077, as in the case of °Fe/Fe,
can be detected [132].
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6. AMS setup and measurements

In the beginning of AMS in the 70’s, different accelerators than Tandem Accelerators, such
as the Berkeley cyclotron, were also used for AMS. The development of AMS was strongly
driven by the application to 1*C and '°Be dating where the use of electrostatic accelerators
was very successful. In the following years, the use of AMS was extended to many different,
preferably long-lived, isotopes like 26Al, 36C1, 4 Ca, %I, actinides as 23%?4°Pu, and 23U but
also stable isotopes[133]. The sensitivity of the application to stable isotopes, however,
is limited due to their natural abundance in the environment. The determination of ultra
low concentrations of long-lived isotopes is of interest in various fields of application, like
oceanography (e.g. 2T, 11C), geology (e.g. “Be, 3°Cl), nuclear astrophysics (e.g. *Mn,

%0Fe), environmental science (e.g. #%2%9Pu, 0Sr) and also biomedicine (e.g. *C).

Today, AMS systems ranging from small table-top setups with an acceleration voltage
of 200kV (MICADAS) [134] to large facilities with voltages up to 14 MV exist, where
many systems are dedicated to “C dating. The choice of the AMS system, but also the
measurement procedure strongly depends on the radionuclide to be detected. '4C is a
prominent example for the application of the mentioned small MICADAS system, as its
stable isobar N does not form negative ions, so that a highly efficient isobar suppression
is already achieved in the ion source. Furthermore, the routine AMS method to derive
the concentration of a radionuclide with stable isotopes cannot be applied to actinides.
The procedure usually used for actinides is presented in Ch. 6.4, to learn more about the

detection method for radionuclides with stable isotopes, please refer to [132].

6.2. AMS setup for the detection of heavy nuclides
(m > 140) at the MLL

A schematic drawing of the AMS setup at the MLL in Munich which features a 14 MV
multi-purpose Tandem Accelerator is presented in Fig.6.1. Negative ions are extracted
from a Cesium-sputter ion source and have to pass a first mass separation stage (dipole
magnet). The negative ions are injected into the Tandem accelerator and are attracted
to the positive potential at the terminal where thin carbon foils are installed. When
passing through the foil, electrons are stripped from the ions, resulting in a positive
charge. Using the now repulsive potential, the ions are accelerated a second time. The
ions are then guided to a second mass separation stage where only ions with the correct
momentum /charge ratio are selected. There are two beam lines at the MLL dedicated
to AMS: the lower one in Fig.6.1 is equipped with a Time-of-Flight (ToF) path, a gas-
filled analyzing Magnet and a ionization chamber as detection system (GAMS), the upper
beam line uses a combination of a Time-of-Flight path with a silicon detector for particle

identification. The GAMS beam line is usually chosen for the detection of radionuclides
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6.2. AMS setup for the detection of heavy nuclides (m > 140) at the MLL

with background from stable isobars, e.g. %Fe, ®*Mn or *'Ca. For a detailed description
of this beam line and its application, please refer to [131, 132, 135]. In general, the
second beam line (ToF beam line) is used for isotopes without stable isobars, like different
actinides [118] or for the search for superheavy elements on earth [8]. Recently, however,
the detection of *3Zr by separating it from its stable isobar **Nb using a passive absorber,

has shown promising results [136].
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Figure 6.1.: Schematical drawing of the AMS setup at the MLL in Munich.

The experiments for the detection of 23%:240:241Py and 23"Np in sea water samples were
performed at the ToF beamline, which is therefore presented in more detail in the next
subsections along with the other components which are essential for the high selectivity
of the AMS setup at the MLL.

6.2.1. AMS injector

The use of a Tandem Accelerator requires the injection of negative ions which are produced
in a modified Middleton-type single cathode cesium-sputter ion source [137|. The technical
drawing in Fig. 6.2 shows a cross-section of the ion source, of which the general working
principle has been reported several times before [132, 135, 138]. Only negatively charged
ions are then extracted from the ion source by applying a voltage of 23 kV on the so-called
extraction lense which is located directly behind the ion source. In total, the ions enter
the first mass separation stage, the injector magnet, with an energy of 28 keV after passing

through a pair of electrostatic lenses.

81



6. AMS setup and measurements

| HV feed through |

Cs reservoir

Figure 6.2.: Technical drawing of the single-cathode Cs-sputter ion source. Courtesy of
P. Hartung, modified.

The injector magnet is a double focusing 90° dipole magnet with a maximum field strength
of 1.2 T and a mass resolution of Am/m = 2 - AB/B ~ 1/400 if the 2mm aperture at
the exit of the magnet is used. The ions with selected mass are then pre-accelerated by
a voltage of 150kV, so that they enter the Tandem Accelerator with a total energy of
178 keV.

6.2.2. Tandem accelerator

The Tandem Accelerator, which uses chains for charging, can reach voltages up to 14 MV.
The negatively charged ions are accelerated by the positive potential towards the terminal,
where a thin carbon foil with a areal density of 4 j1g/cm? is located. When passing through
the foil, electrons are stripped from the ions according to Bohr’s criterion [139] which
leads also to the break-up of molecular bonds and the complete suppression of molecular
background. The ions emitted from the foil now have a positive charge distribution,
and hence are accelerated a second time by the same terminal voltage which now acts
repulsive. Starting from the general case of a singly negative molecular ion which enters

the accelerator, the final energy of the ions is given by

Mmolecule Mmolecule

with Up: terminal voltage, Eps: energy after the pre-acceleration, and q: charge state.

For the detection of actinides, a typical terminal voltage of 9 - 10 MV and a charge state
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6.2. AMS setup for the detection of heavy nuclides (m > 140) at the MLL

10" was used which corresponds to an energy of around 117 MeV.

6.2.3. Beam transport

The chargestate, ore more precisely the m-v/q ratio of the ions to be guided to the
detection system is selected by another 90° dipole magnet, called the Analyzing Magnet
in Fig.6.1. For this purpose, the magnet was set to a fixed magnetic rigidity B-r using
the maximum magnetic field strength of 1.45T for actinides. The bending radius of this
magnet is 7 = 1.6674m [140]. Considering the dependency of the magnetic field on the

energy and the mass of the ions

(6.2)

it is evident, that the energy of the ions and hence, the terminal voltage had to be adjusted
when changing between the different isotopes. However, also background ions with a
different q and a different E given by eq. (6.1) can pass through the Analyzing Magnet if
the mass scales accordingly. In order to suppress isotopic background further, three Wien
filter are available. The first one with a mass resolution Am/m ~ 1/60 is located between
accelerator and Analyzing Magnet, the second (Am/m =~ 1/20) behind the Analyzing
Magnet and the third one (Am/m ~ 1/110) is installed in the ToF beam line. However,
the most selective third Wien filter, was out of service during these experiments. To be
able to reduce the count rate at the final detection system in order to protect rate sensitive
detectors like silicon detectors, three different attenuators can be inserted into the beam
line. The attenuators are steel plates with different densities of small holes which define

the attenuation factor which is about 1000 for 2 attenuators and 33 for the third one.

6.2.4. Detection system

For the final identification of the ions, which have passed the Analyzing Magnet and also
the Wien filters, a Time-of-Flight (ToF) path with a length of L = 2.7 m is used, which is
shown on the photography of Fig.6.3. The ions arriving at the start detector of the ToF
path have all the same magnetic rigidity, so that the ToF can be expressed in terms of (B
- T) as
L-m
ToF = ——. (6.3)
(B-r)-q

Consequently, ions with different mass can be distinguished for a fixed charge . In order

to separate background ions with the same m/q ratio, which leads to an identical ToF,
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Figure 6.3.: Top: Photograph of the ToF beam line. Bottom: Schematic drawing of the
ToF path using a Micro Channel Plate (MCP) to generate the start signal

and a silicon detector as stop detector.

an additional energy measurement is required. As shown by eq. (6.1), the energy from the

accelerator depends on the charge state.

The start signal is generated by a Micro Channel Plate (MCP) detector. The setup of the
detection system, including the MCP and the electron production, is presented schemat-
ically in the lower picture of Fig.6.3. The ions have to pass through a homogeneous
carbon foil with a areal thickness of 7 ug/cm? which causes the emission of secondary
electrons from the foil. The electrons are accelerated and then deflected by electric po-
tentials applied to thin grids. The mirror grid, which is installed at an angle of 45° to the
carbon foil deflects the electrons into the MCP, where the signal is amplified by electron
multiplication. Energy straggling in the carbon foil of the start detector decreases the
ToF resolution, but tests with thinner foils were not successful as they were produced less

homogeneously and easily broke.

Several modifications of the stop detector, i.e. the energy measurement, have been carried
out in this project. In a first step, the ionization chamber with a segmented anode for
energy loss measurements was removed. The ionization chamber served as a possibility to

separate isobars due to their difference in their atomic number and hence, in the stopping
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6.3. AMS setup at VERA laboratory

power. If actinides are considered, the relative difference in the atomic number is around
1/94 ~ 0.01. The corresponding difference in energy loss at the energies available is hardly
detectable by this type of ionization chamber. However, the gas (2 - 7 mbar isobutane)
causes energy straggling which then leads to an additional broadening of the ToF signal
and hence, worsens the isotopic resolution. The primary aim was to improve the separation
between *Pu and 28U (compare Ch.6.4.1), so that for this project the silicon surface
barrier detector was used as stop detector and for the energy measurement. A ToF
resolution of around 0.62ns FWHM for 28U" was obtained with this setup. A further
improvement (0.41ns FWHM for 23¥U'") was achieved by replacing the surface barrier
detector by a PIPS (Passivated Implanted Planar Silicon) detector from Canberra[141]
coated with a 25 - 35 nm thick aluminum layer for better timing performance and an active
area of 450 mm?. Naturally, the aluminum layer leads to a worse energy resolution, which
is not a problem, as the different charge states are well separated in energy. A description
of the electronics and the data acquisition for the TOF beam line in general can be found
in [142]. Only the signals of the MCP and the silicon detector were processed further in
this project.

6.3. AMS setup at VERA laboratory

In contrast to the MLL, the Vienna Environmental Research Accelerator (VERA) which
was built up in the late 1990’s, is exclusively dedicated to AMS. The layout of the facility
is presented in Fig. 6.4, where also the resolutions of the different separation devices are
given. The central elements are a 3 MV Pelletron tandem accelerator produced by Na-
tional Electrostatic Cooperation (NEC) as well as a multi-cathode Cs sputter ion source.
This ion source contains a target wheel with 40 sample positions, so that samples can be
changed automatically during the measurement. In Fig. 6.4 off-set Faraday cups for beam
current measurement are marked behind the Injector Magnet and the Analyzing Magnet.
Both magnets can be operated in bouncing mode, which enables the sequential injection
of a stable isotope measured in the off-set cup and the radioisotope which is transmitted
to the particle detector. Thus, the precision of the measurements is improved, as this fast
cycling system enables measurement durations of only ms. However, the off-set cups are

not of further interest for the detection of actinides, as there are no stable isotopes.

The tandem accelerator was operated at a terminal voltage of 1.7 MV with He as stripper
gas (=2 1pg/cm?) and using charge state 3+ during this project as an enhancement of
the detection efficiency compared to the previously used charge state 5+ had been ob-
served in previous studies [143]. Another major difference to the setup at the MLL is

the electrostatic analyzer (ESA) which is located after the Analyzing Magnet and which
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Figure 6.4.: Layout of the AMS set-up at VERA after the upgrade in 2004 for the detection
of nuclides with masses larger than 150 amu. The ion source is shown in the

left upper corner, the detector in the lower left corner of the drawing. Taken
from [129].

was operated at £50kV. From the equilibrium of electrical and centrifugal force, it can
be derived that the ESA selects a specific energy E

1
Ezi-q~Eel-r (6.4)

with

r: radius of the ESA

E.;: electrical field of the ESA

with a resolution of AE (FWHM)/E = 1/670. As the m/q ratio is fixed by the Analyzing
Magnet, the ESA acts as a high-resolution velocity filter in addition to the Wien filter
at the exit of the accelerator. Recently (in 2015), another 90°magnet was installed after
the switching magnet (not shown in Fig.6.4) which efficiently suppresses background
with deviating momenta. The ions which remain after the different separation steps are

detected in a Bragg-type ionization chamber where the energy of the ions is measured.
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The ToF path which is available in this beam line as marked in Fig. 6.4 was not required

for the actinide measurements in this project.

6.4. Measurement procedure for Pu and Np

An AMS measurement of actinides differs significantly from standard AMS isotopes like
140, 19Be or 26Al. As there are no stable isotopes to produce a macroscopic beam, the
tuning of the beam and hence, the transmission through the setup cannot be continu-
ously monitored by reading the beam current using Faraday cups. For the same reason,
the sample has to be spiked with another, appropriate long-lived isotope, to be able to
determine the concentration of the isotope of interest in the initial sample taking into
account the detection efficiency of the respective setup. Whereas actinides, especially
26U but also 2%24°Pu are routinely measured at VERA, this was not the case for the
AMS at the MLL, so that a measurement routine first had to be established. The specific

requirements of the different isotopes are discussed in the following.

6.4.1. Challenges of measuring 2°"?'Pu and *»"Np

Interfering 238U, which is injected into the tandem accelerator as a 2** UH~ compound, can
lead to background at mass 239 and hence, deteriorates the detection of 2**Pu. Especially
scattered 23U particles form a low energy tail resulting in a longer ToF which may overlap
with the 29Pu signal. As explained before, at the MLL, the 2*8UH~ compound is broken
up at the terminal of the accelerator and the resulting Ut is suppressed by the
subsequent mass separation stages according to their mass resolution. However, it has
to be considered, that the primordial nuclide ?*®*U is present in the Pacific Ocean at a
concentration of 3.3 ug/L [144], which is 9 orders of magnitudes higher than the expected
239Pu concentration. With the third Wien filter not working, the setup was able to
suppress 22*U by around 5 orders of magnitude, so that the remaining 238U still causes
strong isotopic interference on mass 239 (see Fig.6.6 (a)). Therefore, several measures
were taken to decrease the U concentration already during sample preparation, like the
use of supra- or even ultra-pure reagents and the additional U/TEVA column for U
separation (compare Ch.4.2.5). Furthermore, the resolution of the ToF was enhanced by
the PIPS detector as stop detector. The results were very satisfying (compare Fig. 6.7 (b)
and Ch.7.1) and this modified procedure was then applied to the ocean water samples.
At VERA, charge state 3+ is chosen for detection of actinides, to profit from a higher
stripping yield. However, it was shown by Lachner et al [145], that actinide-hydride

molecules in charge state 3+ do exist, i.e. (***UH)*" can cause isobaric background at
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mass 239. To estimate the background from (***UH)3*, a run on mass 239 in a pure
Uranium sample (Vienna-US8 with 23U /28U = 1.03(7)-107®) was performed, where 0
counts were detected which corresponds to an upper sensitivity level of 22*UH* /238U =
8.9-10~!. Then, in the Pacific Ocean water samples, the rate of 24U was measured to scale
the background level on mass 239 to the Uranium concentration in the ocean sample. This
leads to an upper limit for the number of background counts due to (3¥UH)?*" between
5-107% and 1073 during one run which is negligible compared to a minimum number of
m = 239 counts per run of 10. Due to high-resolution ESA and the second 90°magnet
on the high energy side, 228U37 is efficiently filtered out before it can reach the ionization
chamber. ?*°Pu can be very well separated from 233U by the AMS setup at the MLL as

well as at VERA, due to the larger difference in mass.

A separation of 24!Pu from its isobar ?*! Am by means of usual AMS is not possible. The
isobar is present in the sample as it is continuously produced by the 5~ decay of 2*'Pu.
The dipole magnets, the Wien filter but also the ESA are mass selective. As discussed with
respect to the ionization chamber, the relative difference in atomic number is too small to
obtain a measurable difference in energy even after the passage through solid matter like
SiN foils. At sufficiently high energies, isobar separation is possible by a strong gas-filled
magnet or complete stripping of the electrons. As both techniques cannot be applied at
the MLL or VERA, the isobar has to be separated very efficiently by the chemical Pu
extraction method presented in Ch. 4.2.4.

The detection of 2"Np by mass spectrometry in general is difficult, not because of the
background situation, but due to the lack of commercially available, suitable spike ma-
terial. With a half-life of 1.54-10° a, 2*Np would be a candidate spike material for an
AMS measurement. But the production rates of 2**Np in a cyclotron via ?*U(d,n)**Np
or 23*U(p,3n)**Np are low and depending on the p energy, also considerable amounts of
Z3TNp are produced [12]. The second nuclide which has been already discussed as spike ma-
terial and which can be produced with a lower 23"Np contamination, is 2*Np (T} /2 =396d)
[146]. Apart from the production by proton bombardment on an U target, ***Np could
be also produced via ?**Th(°Li,3n)***Np using a large tandem accelerator, e.g. at the
MLL. The irradiated material needs to be purified from radioactive co-products and the
target material 232Th. Furthermore, a careful characterization regarding the produced
concentration of 2**Np and possible 2" Np contamination has to be done before it can be
used as spike for 2"Np detection. Both possible spike materials were not available during

this project.
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6.4.2. Injector and beam tuning

In general, actinides are extracted from the ion source as a single oxygen compound AcO~
[147, 148] but show rather low negative ion yields of around 0.6% |7]. Since a higher current
of ThO; (~20 nA) extracted from a ThO, sputter cathode was measured at the Faraday
Cup in front of the accelerator compared to ThO~ (nA), several Pu compounds (PuO~,
PuO;3, PuOj3, PuF~, PuCu~) were tested in this study at the MLL. No stable beam can
be produced out of the mentioned Pu compounds as even the 2*2Pu spike is present only
in microscopic amounts so that a beam current measurement is not possible. Therefore,
event rates of 2#2Pu relative to ?42Pu extracted as PuO~ in the detector were compared.
The event rates from all tested compounds were lower than for PuO~. Consequently, Pu

and Np were extracted from the sea water samples as PuO~ and NpO~, respectively, also

at VERA.

For beam tuning, a ?*BiO~ beam (~ 40nA on cup in front of accelerator) was extracted
from a Bi cathode. Since the magnetic components after the accelerator are mass depen-
dent, the mass of the beam used for tuning has to be as close as possible to the actinides.
A U sputter target was not used for this purpose, to avoid a macroscopic contamina-
tion of the ion source with U. With the Analyzing Magnet fixed to its maximum value
of 1450 mT, charge state 9+ at a terminal voltage of 11.0 MV was chosen. This mag-
netic rigidity corresponds to charge state 10+ using a terminal voltage of 10.8 MV with
a stripping yield of 18% for 2%Pu. Charge state 10+ was chosen because of a favourable
background situation with respect to lower charge states (see Fig. 6.6 (a)-(c)). A #32Th!0+
beam extracted as ThO; from a ThO, sputter cathode was used to correct the tuning
for higher masses than 2°°Bi. The magnetic field of the Wien filter is set to a fixed value,
whereas the electric field is optimized on the beam current like all the other electrical and
magnetic lenses. When changing between isotopes or charge states, the electric field of

the Wien filter has to be scaled accordingly.

At VERA, an #%U3"T beam extracted as #8UO~ from a U target (Vienna-KkU with
2367 /2387 = (6.98+0.32)-107 ) was used for tuning. At a terminal voltage of 1.65 MV,
the ions are accelerated to an energy of 6.7 MeV with a stripping yield of 42-50% [143|.

6.4.3. Detector calibration

To be able to identify the counts measured by the detector, the signals from the particle
detection system at the MLL had to be calibrated in terms of time and energy, respec-
tively. For this purpose, different stable beams, like PTAu”™8t 209Bi®9* and 232Th!0+

were attenuated if necessary and guided into the detector. The energy and the ToF can
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6. AMS setup and measurements

be calculated with eq. (6.1) and (6.3), respectively. Additionally, the results from these
equations have to be corrected by the energy loss of the ions in the carbon foil of the start
detector. The relative energy loss was determined to be 0.3 % by detecting the energy
of 238U10F extracted from a ThO, sample, first with the start detector inserted into the
beam line and then, without detector. The measurement without start detector could
not be done with a stable beam, as the attenuators form a heterogeneous beam with
spots of increased dose rate on the silicon detector which seems to be locally damaged,
as a decrease of energy resolution and an increase of leakage current was observed. The
position of the different ion species in the E-ToF-spectrum, which is shown in Fig. 6.5 as
a superimposition, can be assigned to the calculated energy and ToF so that both axes

can be calibrated by linear interpolation.
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Figure 6.5.: Measurements with different stable beams presented in different colours, su-

perimposed on each other. The position in the spectrum can be used to

calibrate the axes, as energy and ToF are known.

For ion identification with the Bragg-detector of VERA, a pulse width at constant height
versus pulse height spectrum is used, which has proven to be very efficient to distinguish

pile-up from real events[149]. A calibration of this spectrum in €V is not required, as
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6.4. Measurement procedure for Pu and Np

actinides in charge state 3+ arrive at approximately the same position in the spectrum, as
demonstrated by Fig. 6.6 (d) where two measurement with 236U3* (red) and 23*U3* (blue)
settings are shown superimposed. As differences in energy are very small between the
masses to be detected, a general Region of Interest (ROI) can be defined for all actinides
in charge state 3+ using the example of 26U3* (red square in Fig. 6.6 (d)). If nuclides with
higher count rates are considered, like 234U which has an isotopic abundance of 0.0054 %,
the ROI has to be extended to lower pulse widths (blue square). Although, background
with differing m/q are suppressed efficiently by the dipole magnets, nuclides with lower
q and m forming the same m/q ratio, and which are not filtered out by the ESA, might
arrive at the detector and show up in the low energy tail in the lower left corner of the
spectrum (compare Fig. 6.6 (e) and (f)). Pile-up of these background events appear as a
back-bending belt parallel to that of the 3+ pile-up events shown in Fig. 6.6 (d) but on
its left side. Consequently, the left and right borders of the ROI have to be carefully set.
The red square was considered to fulfill these requirements and hence, was used for the

evaluation of the data.
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6.4. Measurement procedure for Pu and Np

Figure 6.6.: Examples of some typical AMS spectra obtained at the MLL (a)-(c) and at
VERA (d)-(f). Apart from figure (a), the figures are overlays of two or more
separate spectra measured with different settings. (a) IJAEA-443 sample with
settings on m = 239 suffering from a strong ?**U background. (b) ThO,
sample with settings on m = 238 (black) and m = 239 (red). For m/q =
239/9, Cs, probably from the ion source, caused a count rate, which was too
high for the Si detector. (¢) ThO, sample with settings on m = 232 (blue),
m = 238 (black) and m = 239 (red). 2%Bi, used for beam tuning, interferes
with the #Pu®" measurement. (d) Vienna-US8 sample with settings on
m = 234, ¢ = 3+ (blue) and m = 236, ¢ = 3+ (red), with the red square
representing the ROI for actinides with ¢ = 3+ at microscopic amounts and
the blue square for macroscopic amounts with high count rates. (e) Pacific
Ocean water sample with settings on m = 239 (green), m = 240 (light blue)
and m = 241 (yellow) with ¢ = 3+. For m = 240, background from charge
state 2+ is visible. (f) Pacific Ocean water sample with settings on m =
237 (green), m = 242 (blue) with ¢ = 3+. For m = 237, background from
charge state 2+ is visible.

6.4.4. Measurement principle

In general, the measurement procedure for 2=2"1Pu and "Np at the MLL and VERA
was similar. But because of the fast cycling system and the higher detection efficiency
(see Ch.6.4.4) at VERA, the typical measurement durations were kept shorter but were
repeated more often, to increase the precision of the measurements. Because of the
specific detection systems of the two AMS setups, the data evaluation had to be adjusted
accordingly. The discussion of the measurement principle in this section focuses on the

procedure for VERA, which applies to the Pacific Ocean samples.

Plutonium

As explained before, 23°=241Pu has to be measured relative to the 2*>Pu spike, in order to
take possible transmission losses and variations of the ion yield into account. In a first set
of experiments with background samples at VERA, the ?*2Pu spike was measured before
and after the actual 23*~2'Pu measurements. However, the output of the ion source
seemed to increase strongly during the 23972'Pu runs, as unexpectedly high 24°Pu/?3Pu
ratios were observed. Consequently, in the following beam time, Pu was measured in the
order 2#2Pu, 29Pu, 242Pu, 24°Pu, ?42Pu, ?*!'Pu, ?*?Pu, which is named a sequence. The
measurement of an individual isotope is denoted by “run” in the following. The detected

events IV in each run were divided by the run time ¢ to obtain the event rate R, e.g. for
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6. AMS setup and measurements

239Pu

N(239 Pu)
t

where the detected events N correspond to the number of events located in the ROI

R(**Pu) = (6.5)

defined in Ch.6.3.3. The run time was chosen according to the expected concentration
of the respective isotopes and then fixed for all measurements. For the measurement of
the Pacific Ocean water samples, run times were set to 30s for 2#2Pu, 100s for 23Pu,
2505 for 22°Pu and 300 s for 2#'Pu. To calculate the number of 23?Pu atoms in the sample,
R(?*Pu) was normalized to the average rate of 242Pu, Ry, (**?Pu) obtained from the ?**Pu
run before and after the **Pu run. The number of ?Pu atoms in the sample Ny(**Pu),
was obtained by multiplying the ratio of R(*3Pu)/Rg,(**?Pu) with the initial ?*?Pu spike,
No(**2Pu), which was added before the chemical element separation
R(* Pu)

Row(*2Pu)

In this way, also losses during the chemical sample preparation were included in the result

No(**Pu) = - No(**2 Pu) (6.6)

for Ny(?*Pu). The number of 24*?'Pu was calculated similarly. Naturally, for a correct
result, the ROI had to be applied in the same way to the 2#2Pu spike as to the 23*=24Py
isotopes. The described sequence was measured three times, before switching to the next
sample holder. After each sample on the target wheel was measured in this way (one turn
of the sample wheel), the described measurement procedure was repeated. For the Pacific
Ocean water samples, between 3 and 4 turns of the target wheel were performed. The
final result for the number of atoms of the respective isotope was obtained by calculating
the arithmetic mean from the results of the individual runs.

At the MLL the general measurement sequence was the same, but the Ag-current on
the cup before (I;(Ag)) and after (I5(Ag)) the radioisotope run was read in addition to
take variations in the output of the ion source into account. Therefore, the events in the

detector were normalized to an effective charge

Qs = 11 (Ag) er Ix(Ag)

to obtain the event rate R. The following calculation of Ny was the same as for VERA.

(6.7)

Due to the ToF measurement, the evaluation of the data to determine the number of
counts of the respective isotope was different. A cut (2-dimensional window) was drawn
around the 22Pu!®" events as shown by the solid black line in Fig. 6.7 (a). This cut defined
the number of ?*2Pu events, N (**?Pu) used in the data analysis. In the run on mass 239
measured in between the two corresponding 2*2Pu runs, the 2*2Pu cut was then moved to
the position of 2Pul®" in the spectrum according to its calculated energy and ToF (see
Fig6.7b). The counts located in this cut were used as number of 23Pu events, N (*Pu).
This method was also applied similarly to 24°Pu and 2*!Pu. The initial number of atoms

in the sample, was calculated as described before for VERA.

94



6.4. Measurement procedure for Pu and Np

% 128 - IEmriasI 137 % 128 IEnirlesI 42
v 136 t

s (a) ntegral s (b) ntegral 41

— 126 ~

w w

-

N

-
T

124 -

122l | 242py1o+

5.10° atoms 122
120l 239p 10+
120
18] \ /
116 118

238 J10+

124 -

11af 16}

112 F 114
1107 112,

108 - 110

106 | ‘ ‘ . . ‘ 108 L ‘ ‘ ‘ ‘ .
278 279 280 281 282 274 275 276 277 278

TOF (ns) TOF (ns)

Figure 6.7.: E versus ToF spectrum of ?*2Pu!’* spike (a) and ?**Pu'" (b) in a sea water
sample (IAEA-443) measured at the MLL. The solid black line represents a
cut on the ?*2Pu'®* events, which is shifted according to the calculated ToF

and E of 239Pul®t to evaluate the number of counts.

Neptunium

Because of the lack of a suitable spike material for 23" Np, the detection method proposed
by Fifield et al [150] was applied. A ?*2Pu spike added to the Np fraction after the
chemical separation is used to monitor the transmission through the AMS setup. The
yield of negative ion formation for Np is determined relative to Pu with a sample of
known 2*"Np/?*?Pu ratio (compare Ch.4.3). In contrast to [150], ***Np could not be
used as chemical yield monitor in this study, as it decays to 23°Pu, which might lead
to a contamination in the Pu fraction which cannot be characterized. For this reason,
a constant correction factor for the chemical Np recovery e = 0.56 £0.10 was assumed,
which was calculated as weighted average from the results presented in Ch. 5.3.

A usual sequence for the 2"Np determination in a sample at VERA and the MLL con-
tained three runs in the order ?*2Pu, 23"Np, ?*2Pu. Similar to the Pu measurements, the
number of 23"Np atoms extracted from the cathode, n(**"Np), can be obtained by putting
the 2"Np and 242Pu rates in relation

R(237 Np)

R0 (2Pu)

For the initial number of atoms in the sea water sample, the chemical Np recovery and the

n(** Np) = - No(*** Pu) (6.8)

negative ion yield correction factors e and 7, respectively, have to be taken into account:
R(237 Np)
R.,(?*2Pu) -€-n

No(*"Np) = No(**2Pu) (6.9)
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6. AMS setup and measurements

At VERA, this sequence was repeated three times, before switching to the next sample
holder. The same sequence as for the Np cathodes was applied to the Np/Pu standards
three times in a turn of the wheel, so that an experimental value for the 23"Np/?4?Pu ratio
was determined by using the mean of the three sequences. In total, three standard samples
had been placed on the target wheel, so that always two different standards were measured
before and after a number of ocean water samples. Normalizing the experimental ratio
to the initially applied spike ratio (*3"Np/?*?Pu), gives the negative ion yield correction

factor n

237Np/242pu
= 237N, 202 (6.10)
(BTNp/?*2 Pu),

An overall relative negative ion yield of 1.3 £ 0.6 was determined in a beam time at
VERA which is in agreement with the value of 0.77 £+ 0.03 measured by Fifield et al [150].
However, the very large error of almost 50% accounts for large fluctuations in the indi-
vidual results, in particular between different standard samples. This demonstrates the
urgent need for a spike material which serves as a chemical yield monitor as well as a spike
for the AMS measurement, in order to obtain reliable results for the 23"Np concentration.

The data evaluation and analysis happened analogue as for Pu.

6.4.5. Detection efficiency

The detection efficiency was not explicitly determined in this project, as it is already
taken into account by the detection of the ?*?Pu spike. However, previous experiments
determined a detection efficiency at VERA for 2*U3* in the order of 5-10~* using He
as stripper gas [143]. The detection efficiency at the MLL can be roughly estimated by
using the transmission of the 2*Bi beam from one Faraday cup to the next. Here, the
dominating factor is the very low negative ion yield for actinides of only 0.6 % as already
stated before. Usually, the 22BiO~ beam can be tuned to the cup at the entrance of the
accelerator with a transmission of around 30 %. The transmission through the accelerator
until the cup behind the Analyzing Magnet (Cup 5) for 2Bi" is approximately 20 %.
The stripping yield of actinides in charge state 10+ with the same magnetic rigidity as
209Bi%* is approximately the same or even higher. The beam on the cup after the switching
magnet, which is the last cup for current measurement during a run, can be tuned to 70 %
of the current at Cup 5. An detection efficiency of the detector of around 30 % with MCP
inserted into the beam line, was determined by using an attenuated 2*°Bi’* beam. That

gives an overall detection efficiency for very heavy ions of roughly 7-1075.
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6.5. Analysis of uncertainties
6.5. Analysis of uncertainties

Spike solutions and measurement

The uncertainty of the 2*2Pu concentration in the IRMMO0S85 spike solution is stated
as 0.148 % in the certificate (see Appendix F). During the dilution series an additional
uncertainty is introduced by the weighing of the solution. A conservative estimate of
0.0005 g for the uncertainty of the balance was made. The uncertainty of the spike and
the balance were quadratically added. The resulting uncertainty of the dilutions and
finally also the spike added to the sample was calculated by Gaussian error propagation.
The uncertainty introduced by the spike was calculated to be 1.0 %. The uncertainty of
the 2"Np solution was discussed already in Ch. 4.3.2 and the resulting error of the spike
added to the sample of up to 10 %, was calculated in the same way as for the ?*>Pu spike.
The ?*?Pu spike count rate was calculated as a mean value of the measurements before
and after the respective run of 29721Pu. As the number of events of the individual ?**Pu
runs was generally higher than 50 events, a normal distribution with an uncertainty of

VN was assumed. However, the error of the mean *?Pu count rate AR

n 1/2
_ 1 _
AR=| —— R; — R)? 6.11
with n: number of runs, here n = 2

was usually larger than the propagated statistical uncertainty. This can be explained by
variations in the output of the ion source. As the two errors are correlated, because the
number of detected 242Pu increases with the output of the ion source, they were added

linearly.

Statistical uncertainty at low count rates

For very low numbers of counts, i.e. below 20 events, confidence intervals as proposed
by Feldman and Cousins[151] were used, which result in an asymmetric negative and
positive error. For example, the detection of zero events corresponds to a 1 ¢ interval from
0.00 to 1.29 events. For larger N, the interval approaches the results of a symmetrical
distribution. The error for the initial number of atoms in the sample of the individual
runs was calculated by Gaussian error propagation including also the error of the ?42Pu

spike and of the spike measurement.

Final result for the concentration

A x?-test as proposed by the Particle Data Group [152] was applied to the results of

the individual runs, to check whether the deviation from the mean value N, is due to
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statistical fluctuations. y? was calculated for i measurements as

X = Zwi(NOi — No)? (6.12)

with w;=1/(AN;)?

For measurements with x?/(N-1) < 1, the error of the mean number of atoms in the
initial sample was simply calculated by Gaussian error propagation. For measurements
with x?/(N-1) > 1 the error was scaled up by the factor

S = (x/(n—1)"? (6.13)

with n: number of runs.

Only for measurements with large count rates, a x? larger than one was obtained, as the
corresponding statistical errors were correspondingly small. For those measurements the
error is dominated by variations in the setting of the instrument, e.g. the output of the
ion source or beam stability, which is taken into account in the final result by the scaling

factor. For two measurements the x? was calculated to be even larger than 5.

Negative ion yield correction factor 7

In general, the error analysis for the Np measurements worked similar to the Pu mea-
surements. However, the error of the negative ion yield correction factor n had to be also
included. In a first step, the error of n obtained from the individual sequences was calcu-
lated by Gaussian error propagation including the statistical error of both, the *2Pu and
the 25"Np, with an uncertainty of v/N, and the uncertainty of the added spike solution
which was already discussed before. The error of the mean value of three subsequent
sequences was calculated in an analogous way to the mean ?#?Pu rate of the 2*2Pu spike
measurement. The same approach was applied, to obtain the resulting error of the aver-
age 1 calculated from the measurements of two different standards measured before and

after the ocean water samples.
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Ocean Water Samples

The quantity obtained by an AMS measurement of actinides is the number of atoms in
the respective sample which was used for the calculation of the isotopic ratios. For the
discussion of the concentrations in the Pacific Ocean, the number of atoms was normalized
to the sample mass, which was measured before evaporation with an uncertainty of 0.1 kg.
For three sample, the volume was determined instead, which leads to a higher uncertainty
of 0.5 L. To compare the results of this work directly with previously published data, all
concentrations of Pu in Pacific Ocean water were additionally converted into mBgq/m?3.
For this purpose, a density of sea water of 1026.4kg/m? was assumed, using the average
measured salinity of the samples of 34.25 in terms of PSU (Practical Salinity Unit) and a
mean temperature of 10°C at longitude 50° North [153].

7.1. IAEA-443

298 g of the reference material IAEA-443 were prepared as described in Ch. 4.2 for 239240py
and 2%"Np analysis and additional 500 g were processed for 24'Pu detection, to obtain good
statistics. From the specific activity of the respective isotopes given in [103|, the number
of atoms per kg sample material was calculated. The value for ' Pu was decay corrected
to 01.12.14, the date when Pu and Am were separated. These values are referred to as
literature values in the following. A spike of 2.8-10% 2#2Pu atoms was added to the smaller
sample and 7.2-10° 2#2Pu to the larger sample. A relative negative ion yield with respect
to 22Pu for 2"Np of 0.5 4+ 0.3 was measured in this experiment. Fig.7.1 presents the
results for the concentration of the respective isotopes detected by AMS in comparison
with the literature values, which show a very good agreement within the error bars. The
1 o error of the AMS measurements was calculated as explained in Ch. 6.5 and the error of
the literature value was derived from the expanded uncertainty with a coverage factor of
k = 2 as stated in [103| by Gaussian error propagation. The respective blank level is shown
in blue, which is already subtracted from the AMS results. No counts were detected on
mass 241 in the blank, which means that the upper limit for the detection sensitivity could

be decreased further by increasing the measuring time and the transmission through the
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set-up. It should be noticed that the blank level for 2! Pu only takes machine background
into account and not a possible contamination from the chemistry as it did not pass
through the whole separation chemistry.
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Figure 7.1.: Concentration of 23*~24'Pu and %"Np in the IAEA-443 reference material
detected by AMS at the MLL (red dots) in comparison with the literature
values (black squares) [103] and the respective blank levels (blue triangles).

The measured values are listed in Tab. 7.1 for direct comparison along with the literature
values, the blank levels and the contamination of the samples by the addition of the
spike. Due to the high concentration of Pu and in particular Np isotopes in the Irish Sea
from the reprocessing plant Sellafield, the contribution of the spike is around three orders
of magnitude lower than the measured concentration in the sea water and thus, can be
neglected. Taking into account the in-growth of 2! Am from 2! Pu, an ?*! Am concentration
of (4.2 £ 0.5)-10% atoms/kg was calculated from the value given in the reference sheet.
This is significantly higher, than the positive error of the ?*'Pu measurement, which
demonstrates the good performance of the chemical Am and Pu separation. In general,
the very good agreement between the experimental and the literature values proves not
only the applicability of the sample preparation method but also the measuring principle

to sea water samples.
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Isotope This work Literature Blank level contamination
[atoms /kg] value [atoms /kg] spike
[atoms/kg] [103] [atoms/kg]
29Ppu (10.0 £ 1.8)-10° (9.4 4 1.1)-10° (1.4753)-107 7.7-106
0Py (1.5 £ 0.4)-10° (2.2 4 0.2)-10° (0.8%48)-107 1.0-10°
Mpy*  (7T5)-107 (7.4 £ 0.9)-107 < 1.7-107 ° 4.9-10*
ZNp (7.4 4+ 28)-10" (7 £ 3)-101 < 7.7-107 -

Table 7.1.: Comparison of 2?Pu, 24°Pu, 21 Pu and *"Np concentrations detected by AMS
with literature values with 1 sigma uncertainties for [AEA-443 Atlantic water.
*Decay corrected to 01/12/14, © Machine Blank.

7.2. Pu in Pacific Ocean Water

The samples BD07-100m and BD11-4000m showed a very low ?#?Pu count rate of less
than 0.07 Hz compared to around 20 Hz obtained from the other samples, which indicates
a low chemical recovery of Pu. This matches the observation of unexpected gas formation
on the TEVA and UTEVA column during the separation process of these two samples,
which seem to influence significantly the Pu recovery. This problem could be eliminated
for the remaining samples by thorough mixing of the column load solution to remove
nitrogen oxides. The measurement of BD07-100m and BD11-4000m was stopped after
the first turn, as no counts were detected for 23°~24'Pu, so that results are not available
and hence, those two samples are discarded from the following discussion. The individual

sample results of all sample are listed in Appendix B.

7.2.1. Concentration

The concentrations in atoms/m? of Pu, 2°Pu and ?"'Pu detected by AMS are plotted
in Fig. 7.2 with 10 error bars. The blank level of BLKP and BLKA is around one or-
der of magnitude lower than the measured concentrations in the samples and is largely
dominated by the impurities of the *?Pu spike material (compare Ch. 4.2.2). The concen-
trations of both blanks are comparable, whereas a larger error of BLKA can be noticed,
due to lower statistics caused by a lower chemical recovery. In general, the large error
bars of the ?*!Pu measurement are also governed by low statistics, due to the expected
low atomic concentration in the sea water. Although for BD02 B-10 high count rates were
measured and a correspondingly increased concentration was obtained, the 23°Pu measure-
ment shows a significantly elevated error. This is due to systematic variations between
different runs probably caused by fluctuations in the ion source output. For BD02-50m

and BD04-500m, the results of two parts of each sample are plotted which were obtained
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7. Results and Discussion of the Ocean Water Samples

during sample preparation, as the Fe(OH)s co-precipitation did not seem complete. For
this reason, the solution was separated from the precipitate, and after acidification, the
co-precipitation was conducted a second time, leading to the AMS samples BD02-50mII
and BD04-500mlII. Since the results from both parts of the respective sample agree well
within 20 uncertainty, a weighted average was calculate for the final concentration of
sample BD02-50m and BD04-500m, presented in Fig. 7.3 in units of mBq,/m3.
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Figure 7.2.: 29Pu (black squares), °Pu (red dots) and ?*'Pu (blue triangles) concen-
trations in [atoms/m?®| measured by AMS with 10 uncertainties. No ?*'Pu
counts were detected for BLKA and BD02-50mlI, so that only the upper limit

of the positive error is plotted. For a clear presentation, the large positive
error of 2*'Pu in BD04-500mlII is not shown.

The concentrations in Fig 7.3 were calculated by subtracting the blank level of BLKP and
by correcting the results with respect to the difference in the added 2*'Pu spike. The
overall combined specific activity of ?3**24%Pu in BD02 and BD04 shown in Fig.7.3|a]
compares well to the concentrations of around 10mBg/m?® found in previous studies in
the NW Pacific Ocean due to nuclear weapon fallout. Also the depth profile of BD02 and
to some extent also BD04 featuring a low concentration in surface waters and a noticeable

increase starting at a depth of around 100 m is in good agreement with the available data
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7.2. Pu in Pacific Ocean Water

(compare Ch.2.6). The sampling depth of the background sample BD15-1000m is close
to the subsurface maximum and accordingly shows the highest concentration detected in
this study. Compared to the surface water sample at BD02, the concentration of ?Pu
and 2°Pu at BD17 is remarkably low. In general, even recent publications hardly ever
reported on surface water concentrations of 2924°Pu helow 1 mBq/m? in the North Pacific
Ocean [40, 57, 102, 154]. A detailed discussion of the BD17-0m sample can be found in
Ch.7.9. The distribution of the ?*'Pu shown in Fig. 7.3 [b] in general follows the trend of
9Py and 2°Pu, but a detailed interpretation is not possible, due to the large statistical

uncertainties at low count rates.
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Figure 7.3.: Concentrations of 23?%0Py (a) and ?*'Pu (b) in Pacific Ocean water samples
in units of specific activity after subtraction of the blank level and correction
for the contaminants of the 2*2Pu spike.

104



7.2. Pu in Pacific Ocean Water

7.2.2. Isotopic ratios

The atomic Pu ratios 21°Pu/?*Pu and 2*'Pu/?*Pu are presented in Fig.7.4 (a) and (b),
respectively. The ratios of the most prominent Pu sources in the Pacific Ocean as discussed
in Ch. 2.5 and 2.6 are marked by horizontal lines. The green line indicates global fallout
with its uncertainty (dashed green lines) as given by Kelley et al[51], the two blue lines
represent the range of detected ratios at the Pacific Proving Grounds (PPG) altered by
tropospheric close-in fallout |2, 53| and the red line shows the average ratio detected in
litter samples attributed to the FDNPP accident, with the dashed lines indicating the
minimum and maximum detected value [3]. 2" Pu/?*Pu ratios were decay corrected to
the date of the measurement 12/15. Most of the samples can be clearly assigned to global
fallout within 10 uncertainty, considering just the 2*°Pu/?Pu ratio. However, there
are two samples of the relevant sampling station BD02 and one at BD04 which show
an elevated 21°Pu/*Pu, these are BD02-20m, BD02-50m and BD04-500m. This may
be due to statistical fluctuations but could also be explained by mixing of water masses
showing a global fallout Pu signature with water either originating from the PPG or
which is contaminated by the FDNPP accident. A definitive statememt is not possible,
which also holds for sample BD02 B-10 due to its large uncertainty. The *°Pu/*Pu
ratio of sample BD17-0m is unexpectedly low and cannot be assigned to any of the three
mentioned sources of Pu in the Pacific Ocean. BD17-Om is discussed in detail in Ch. 7.9.
With respect to the ?4'Pu/?Pu ratio, all samples are clearly consistent with nuclear
weapon fallout and a contribution from the FDNPP accident can be certainly considered
as negligible. The average measured 2*'Pu/?*Pu ratio of 6.57%" . 107" is two orders of
magnitude lower than the ratio expected for the FDNPP. Using the inventory of 2397240py
in the water column at sampling station BD02, an upper limit of the dissolved Pu fraction

released by the accident can be estimated (see Ch.7.4).
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Figure 7.4.: Isotopic ratios ?*°Pu/?*Pu (a) and **'Pu/?**Pu (b) of the Pacific Ocean wa-
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ter samples. Horizontal lines mark the characteristic isotopic ratio of the re-
spective emission sources, i.e. red: FDNPP [3], green: global fallout [51], blue:
range of values measured for tropospheric close-in fallout at the PPG [2]. The

241Py /239Py ratios clearly show no contribution of Fukushima-drived Pu.



7.3. Np in Pacific Ocean Water

7.3. Np in Pacific Ocean Water

Because of the long half-life of 2"Np, a conversion of the atomic concentration to a specific
activity was not considered, as it is more expedient to discuss the 2*"Np concentrations

in the ocean water in terms of atoms/m? only.

7.3.1. Concentration

In Fig. 7.5 the results for the 2*"Np concentration in comparison to ??Pu of each measured
sample are presented, including also BD07-100m and BD11-4000m as count rates for Np
were reasonable high. Errors are quoted as 1 ¢ uncertainty. Obviously, Np recovery was
less influenced by the gas formation on the TEVA resin than Pu, where the additional
gas formation on the U/TEVA resin might have reduced the yield even further. However,
it is not known to which extent the Np recovery was altered, so that in the case of
those two samples an error for the chemical recovery of +50% was assumed, leading to
significantly larger error bars in the concentration. In addition, three runs of BD07-100m
had to be discarded causing an even larger error due to low statistics. The pulser rate
for these runs was considerably decreased indicating problems with the electronics of the
data acquisition. Part I and II of BD02-50m were obtained similarly as explained for
Pu, but the Np concentration obtained from the first Fe(OH);3 co-precipitation is much
lower than from the second co-precipitation and even compatible with the level of the
process blanks BLKP and BLKA. This indicates a considerably different behaviour of Np
compared to Pu during the Fe(OH)3 co-precipitation. As the 242Pu spike was added after
the separation chemistry, the number of 23"Np atoms measured in the individual parts can
be added up and by applying the average chemical yield the initial 23"Np concentration
in the sample can be calculated. The errors of the individual measurements were added
linearly, as the results of the two parts depend on each other. The resulting concentration
for BD02-50m is presented in Fig. 7.6. The two parts of BD04-500m were directly mixed
after the final co-precipitation, so that one AMS cathode was produced and the overall
concentration was directly obtained.

The final results after blank subtraction for the ?"Np and the ?**Pu concentrations are
plotted in Fig.7.6. The fact that only little data on the Np distribution in the Pacific
Ocean water is known and that to my knowledge, the presented depth profile for BD02
is the first one to be published, makes the interpretation of the data quite difficult. Fur-
thermore, due to the large fluctuations in the Np yield relative to Pu during the AMS
measurement, which are not completely understood, the data are supposed to show the
order of magnitude only. The general trend which can be observed from the presented
data is that the Np distribution follows that of Pu to a large extent, with an increase

below the water surface and the lowest concentration at great depth, i.e. 4000 m. From
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Figure 7.5.: 2"Np (red dots) and ?*Pu (black squares) concentrations measured by AMS
with 10 uncertainties. The errors of BD07 and BD11 are dominated by the
unknown chemical recovery, so that an uncertainty of 50% was assumed for

these two separation processes.

this data set the position and the width of the subsurface maximum cannot be exactly
deduced. But considering the significantly lower concentration of Np compared to Pu
at a depth of 1000m of BD15, it can be assumed that this sample is already located on
the falling edge of the maximum, whereas for Pu this is approximately the maximum of
the distribution (compare Ch.7.2.1 and 2.6). This can be interpreted as a more narrow
distribution of Np compared to Pu. This would fit to the picture of Np being present
in oxidation state +V in the ocean water, leading to a behaviour similar to more soluble
species like 2°Sr. As discussed in [32], only the amplitude of the subsurface maximum of
9Sr changes with time, but not its width and it is not shifted to greater depths. For a

definitive statement more data are required.

7.3.2. Isotopic ratios

The measured values of the #"Np/?9Pu ratio plotted in Fig.7.7 scatter much more

strongly than the Pu ratios (Fig.7.4) and a clear assignment to one of the possible emis-
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Figure 7.6.: Final »"Np (red dots) concentrations in comparison with #9Pu (black

squares) in [atoms/m?®| measured by AMS with 1o uncertainty.

sion sources is not possible. Samples without #*Pu measurement are not considered in
this plot. Within 2-3 o most values fit to global fallout (horizontal green line). Variations
of the "Np/#%Pu ratio could be caused by a chemical recovery for a specific sample dif-
ferent from the average obtained in Ch. 5.3, so that these results should not be interpreted
in detail. Nevertheless, it should be noticed that the value for BD15-1000m is remarkably
low and the ratio of BD02-Om is rather high. There is no point in interpreting the low ratio
of BD15-1000m as originating from the FDNPP accident (horizontal red line) considering
the Pu results and the large distance to the Japanese coast. This ratio is probably rather
caused by the different behaviour of Np and Pu in sea water as in the previous section
and demonstrates the limits in using a ratio of different elements for source identification

in natural waters. The same might hold for the relatively large isotopic ratio of BD02-0Om.
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Figure 7.7.: Isotopic ratio 2"Np/?3**Pu in the Pacific Ocean water samples, which show
a large scattering, so that source identification is possible only to a limited

extent.

7.4. Upper limit of dissolved ?*’Pu activity released by
the FDNPP accident

From the results for the average *'Pu/?Pu ratio of BD02 an estimate on the upper
limit of Pu released by the FDNPP accident which is dissolved in the Pacific Ocean can
be calculated. Using a simple mixing model, the contribution = from n sources denoted

by ¢ with characteristic ratio R; to a measured ratio R, is
n
Ry, = sz - R; (7.1)
i
with

The mixing ratio of global and close-in fallout at sampling station BD02 before the ac-

cident is not exactly known, but in general 24°Pu/?3*Pu ratios ranging from 0.20 to 0.24
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have been measured in sea water off the east coast of Japan|[3], so that the average
240Py /239Pu = 0.22 is used in the following calculation. Consequently, to calculate the pro-
portion of Pu originating from FDNPP, xx, the following system of equations taking into

account global fallout (GF), close-in fallout (CF) and an emission from Fukushima (F),

had to be solved:

0.22 =xgF - R(240/239)GF +xoF - R(240/239)CF
0.0012 = zgF - R(241/239)GF + ZcorF - R(241/239)0F +xp - R(241/239)F (72)

rar +Top +xp =1

With an average *'Pu/?"Pu ratio of 0.0006 + 0.0006, the measured ratio is lower than
the ratio of all three possible sources and hence, can be explained exclusively by global
fallout. Therefore, it is reasonable to only consider the positive error of the measured
value which adds up to 0.0012 and the minimum values of global and close-in fallout
to calculate an upper limit for the contribution from the Fukushima accident. Inserting
the numbers for the respective isotopic ratios from Ch.2.5 and from Ch. 3.5 in eq. 7.2,
results in a maximum Fukushima proportion of 0.20 % to the Pu inventory in the water
column. The #Pu and ?°Pu inventory of the water column was calculated by fitting
each concentration linearly in two sections, i.e. 0m - 50m and 50 m - 139 m (corresponds
to sample B-10), in the first place, in order to describe the concentration as a function of
depth f(z) = m-z+t. Then, by section wise integration over the depth z, the inventory

I depending on the maximum depth of the water column d for Pu was obtained

d
I(d) = /fl(z)dz for z < 50m (7.3)
50 Od
I(d) = /fl(z)dz +/f2(z)dz for z > 50m (7.4)

which becomes

1
]1(d):§m1d2+dt1 fOI‘d§50Hl ( )
7.5

1 B
Io(d) = 5 -my - d* 4 d -ty + 68.92 mmf for d > 50m

For BD02 with a maximum depth of 149 m the total inventory of 2*°Pu and for ?*°Pu is
0.48 Bq/m? and 0.33 Bq/m?, respectively.

As the sea bed rises towards the coast line, the maximum depth of the water column
depends on the distance D to the coast. With a depth below 200 m, BD02 was assumed
to be located in the neritic zone of the ocean, i.e. on the continental shelf [155] where the

decrease of the ocean bed with increasing distance to the coast can be very well described
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by a linear approximation with gradient M. A visualization of the parameters used in
this calculation can be found in the schematic drawing of Fig.7.8. Using the coordinates
of BD02 and d =0 at D =0, d(r, ) is given by

d(r,o) =M - D(r,¢) = M -r-sin(p) (7.6)

so that the depth d = 50 m is reached at a radius r = 13km- sin(y) and I;(d) for example

can be rewritten in terms of r and ¢

1
L(d) = 5 (M -7 -sin(p))? + M -7 -sin(p) - t; for d < 50m (7.7)

FDNPP

Figure 7.8.: Schematic drawing for the visualization of the relevant parameters for the

calculation of the Pu inventory in a semicircular ocean segment.

Assuming a homogeneous and isotropic Pu distribution originating from FDNPP with all
water column showing the same Pu concentration profile as BD02, the dissolved activity
A(**Pu) emitted by the accident was estimated by

T R
A(*Pu) = //0.20% ~I(r,p) - rdrde (7.8)
00

Again, the integral had to be split up in order to take the two different equations depending
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on the depth in eq. (7.4) into account, so that eq. (7.5) can be transformed to

7 13km 7w 39km

A(*Pu) = 0.20% / / Ii(r, @) - rdrdy +/ / LIy(r, @) - rdrdy (7.9)
0 0

0 13km

where the dependency of the borders of integration on ¢ is not considered for this estimate.
The upper limit for the 3°Pu activity emitted from FDNPP, which is compatible with the
detected 2*'Pu/#Pu ratio within 10 uncertainty, hence is 10 MBq. The corresponding
240pPy and *'Pu activity of 12MBq and 18 GBq were derived from the characteristic
isotopic ratios of FDNPP. Compared to the atmospheric release of 3*Pu of 31 TBq due to
the Chernobyl accident, these numbers are negligibly small. It should be noticed that as a
very particle-reactive element, Pu is likely to sediment rather quickly (compare Ch. 2.2.2).
For this reason, no radial Pu concentration profile which is increasing towards FDNPP was
included, as the sedimentation rate is also expected to increase in more shallow waters,
leading to a faster removal of Pu from the water column. Concentrations of ?*'Pu in
sediments off the Fukushima coast after the accident were usually below the detection
limit of the applied method. The atom ratio measured closest to FDNPP in sediment was
24Py /239Pu = 0.00340 + 0.00036 and was assigned to close-in fallout [55].

7.5. Discussion of BD17-0Om

Sample BD17-Om shows a significantly lower 2*°Pu/?3Pu ratio of 0.04 (+0.04, -0.03)
and also a lower concentration of Pu in general, than all other samples investigated in
this study. With a large probability, it can be excluded that these results are simply
artefacts of the AMS measurement, as samples BD17-0m and BD15-1000m had been
already measured in a previous beam time at VERA with comparable results which is
demonstrated by Tab.7.2. The measured values are cited with 1o uncertainties. For
asymmetric errors, only the positive value is given in Tab.7.2. Complete results can be
found in Appendix B. Even though the error of the 2*°Pu/?3Pu ratio in sample BD17-0m
obtained in the second beam time is quite large, because of low statistics, it is also smaller
than the ratio for global fallout. This gives confidence that 0.04 is the actual atomic ratio
of BD17-Om.

As discussed in Ch. 2.5, this very different atomic ratio might indicate the presence of a Pu
source different from those which are usually detected in the Pacific Ocean. In addition
to Russian submarines and fallout from low yield nuclear weapons as it can be found at
the Semipalatinsk test site, for example [40], a low atomic Pu ratio is the characteristic
signature of weapon grade plutonium. The first two explanations are regarded as unlikely
as contamination source in the Pacific Ocean. As a possible source for the detected type of

Pu, Hanford Site was identified, where several reactors for weapon grade Pu production

113



7. Results and Discussion of the Ocean Water Samples

sample Beam time N(%3Pu) N (*°Pu) 20Pu /239Pu
BD15-1000m I (254 0.20)-10° (5.0 + 0.29)-107  0.2040.03
11 (1.7 £ 0.14)-10° (4.1 + 0.39)-107  0.25+0.03
BD17-0m i (1.3 10.42)107 (5.6 14.8)-10°  0.04(-+0.04, -0.03)
il (6.2 +4.3)10° (24 +9.6)-10° <013

Table 7.2.: Comparison of results for BD15-1000m and BD17-Om from beam time I
(November 2015) and II (July 2015) at VERA. For results with asymmetric

error, only the positive error is cited.

were operated from 1944-1971[156]. The location of sample BD17-0m with respect to
Hanford Site is shown on the map in Fig.7.9. It is well known that small amounts of the
fuel elements were emitted to the close-by Columbia River, due to fuel element failures.
The water used as coolant in the primary circuit was hold for some hours for the decay of
the short-lived nuclides, but then was directly returned to the river [156]. Depending on
its operation mode, Pu with a 2*°Pu/?3Pu ratio of 0.0522 4 0.0005 were found in Hanford
Site soils and ratios below 0.04 were detected in some groundwater samples collected close
to the site [157|. Thus, it is possible that small amounts of Pu from river sediments are
re-mobilized and then discharged into the ocean until today. Since the Columbia River
transports large amounts of water and sediment to the Pacific Ocean, also the annual
discharge of 2.6 GBq of 237210Py was detected at the estuary of the Columbia River in
1978-1979 [158]. However, only (3.540.9)% of this Pu activity were assigned to Hanford,
whereas the predominant part was identified as global fallout. BD17-Om shows a slightly
lower salinity of 32.861 g/kg than the other surface water samples of this study (around
34.01 g/kg), which indicates only a small proportion of fresh water, so that it is remarkable
that BD17-Om shows the pure weapon grade Pu signature. Furthermore, a more recent
study on Pu in the water of the Columbia River reported a ?'°Pu/?°Pu of 0.18 which
can be interpreted as global fallout [157|. These are arguments against a recent input
of weapon grade Pu which had been re-mobilized from Columbia River sediments. A
re-mobilization from ocean sedimentation seems more probable. But still, a mixture with
global fallout would be expected due to the large distance of 772km to the estuary of
the Columbia River. Consequently, further investigation of the ?°Pu/?Pu ratios in sea
water collected off the coast of Oregon and Washington state are required. If the findings
of the present study can be confirmed, to my knowledge, this would be the first detection
of Hanford-derived Pu in the Pacific Ocean.
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@ﬂb ; i\ 6 wkml 'M‘zmeewg\
Figure 7.9.: Map showing the location of BD17-Om with respect to the Columbia River
and Hanford site. [159], modified.
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8. Conclusion and Outlook

The plutonium ratio 2*°Pu/?**Pu as well as the ?*'Pu/?*Pu ratio was measured in Pacific
Ocean water samples collected in autumn 2012, in order to answer the question concerning
the presence of transuranium elements in the Pacific Ocean due to the FDNPP accident.
Furthermore, the determination of the 23"Np concentration in the same ocean water sam-
ples improves the very limited data on the 2"Np distribution in ocean water. In contrast
to previous studies, very low atomic ?*!Pu concentrations of around 10° atoms/m?3 could
be detected in small sample volumes of 20 L ocean water. This was possible due to the
application of the ultra-sensitive detection method accelerator mass spectrometry (AMS)
in combination with a highly efficient chemical suppression of the isobar ! Am in the or-
der of 107*. The separation chemistry based on extraction chromatography was adjusted
to the requirements of the laboratory at the Maier-Leibnitz-Laboratory (MLL) and to
three different detection techniques, i.e. radiometric detection, ICP-MS and AMS. All
mentioned detection methods could be successfully applied to the processed sea water
samples, but usually considerably lower recoveries for both Pu and Np were found by
ICP-MS than by activity measurements, which is not fully understood. These variations
introduced an additional error of 10% on the *"Np concentration, where no isotopic
spike material is commercially available. For the verification of the sample preparation
and the AMS detection procedure, the concentration of 23*~24'Pu and *"Np in the certi-
fied reference material IAEA-443 was analyzed at the Maier-Leibnitz-Laboratory (MLL)
in Munich. The very good agreement of the experimental results with the literature values
demonstrates the feasibility of actinide detection in natural waters at the MLL in general.
3 of the 12 Pacific Ocean water samples analyzed in this work at VERA (Vienna Environ-
mental Research Accelerator), showed a slightly elevated 24°Pu/?3Pu ratio compared to
global fallout of up to 0.23 (+0.042, -0.031) and one more sample contained a rather large
error. A differentiation between a Fukushima and a tropospheric close-in fallout contri-
bution is not possible in these four samples, as both emission sources have a 21°Pu/?3Pu
signature of around 0.3. In contrast, the detected 'Pu/?3*Pu ratios with a mean value
of 6.5(+3.0, -1.1)-107* is clearly compatible with nuclear weapon fallout and no contri-
bution from Fukushima is visible in any of the investigated samples. From these results
an upper limit of the dissolved fraction of Pu emitted by the FDNPP of 10 MBq 23°Pu
was estimated, which strongly supports the general opinion of a negligible emission of

actinides into the Pacific Ocean from the FDNPP accident. The remaining 30 ocean wa-
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ter samples cannot improve the findings of this study further, as the sampling stations
are located too far away from FDNPP (>1000km). As sedimentation rates of Pu are
rather high, it was already pointed out by Zheng et al [4], that sediment samples collected
within a 30 km radius from FDNPP are especially interesting regarding their Pu signa-
ture. Elevated 2'°Pu/?3Pu ratios found in sediment samples at slightly larger distances
to FDNPP, were interpreted as combination of global and close-in fallout [55, 160]. 2*'Pu
concentrations were usually below the detection limit, indicating also little contribution
from FDNPP. From these data and the results of this work, it can be concluded that
even at the high temperatures of a core meltdown, the actinides are quite well confined
in the molen fuel matrix and only a minor fraction is transferred to the coolant. One
of the background samples, which was collected at a distance of 772km to the US west
coast, showed a significantly decreased 24°Pu/?3Pu ratio of 0.04 (+0.04, -0.03), which is
usually assigned to weapon grade Pu. For this reason, it is supposed that Hanford Site,
a former reprocessing plant for weapon grade Pu, could be the contamination source. As
this would be the first detection of Pu in ocean water discharged by Hanford Site, fur-
ther data are required to confirm these findings. No additional samples off the US west
coast from the KH-12-4 cruise are available. This example demonstrates very well the
importance of constantly improving the data on the environmental Pu concentration and
isotopic ratio distributions for a better understanding of its behaviour in the world oceans
and the emission sources. The analysis of the remaining ocean water samples can serve
this purpose.

Compared to Pu, there are hardly any data on environmental concentrations of 2"Np
published, so that this work presents probably the first depth profile of 23"Np in the water
column of the Pacific Ocean. As several averages had to be taken to obtain the *"Np
concentration in the sea water, a detailed interpretation of individual sample results is
not recommended. In general, the data indicate a more narrow subsurface maximum
of the "Np distribution located closer to the water surface compared to Pu, which
would resemble to more soluble elements like Sr or Cs. However, this implies that the
interpretation of 2"Np/?3Pu ratios for source identification especially in sea water is
little informative as it would depend on the depth. Consequently, it would be more
useful to use a ratio relative to an element with a similar chemical behaviour like e.g.
1297, At least in surface waters (0 - 300m) promising results on using ?*"Np/!*T ratios
have been reported [161]. Certainly more data, in particular from water columns with
greater depth, are required for a definite statement. These data can be provided by the
remaining ocean water samples not processed within the frame of this work. For a better
precision of the results, an isotopic spike is urgently needed. In the course of this work,
the possibility of producing ***Np (T;/2=396.1d) at the Tandem Accelerator of the MLL
has been intensively discussed and the production using the reaction ?*2Th(°Li, 3n)?**>Np

seems feasible, so that efforts in this direction will be increased.
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a- and y-decay energies

Nuclide Emitted particle Energy (keV) Intensity (%)
Pu-238 a 5499 71,04
5456 28,85
Pu-239 a 5157 70,79
5144 17,14
5106 11,87
Pu-240 a 5168 72,74
5124 27,16
Pu-242 a 4902 76,53
4858 23,44
Np-237 a 4788 47,64
4771 23,0
4767 9,5
4640 6,43
4665 3,46
4817 2,430
4873 2,410
4804 2,02
4712 1,174
Np-239 y 106,1 25,9
277,6 14,4
228,2 11,32
209,8 3,42
334,3 2,72
315,9 1,59
Am-243 a 5275 86,74
5233 11,46
5181 1,383
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B. Individual sample results

sample nuclide ?*?Pu count rate number of isotopic
[Hz] atoms ratio
BLK-P 239Pu 37 3.2708. 106 -
240py 43 3.5742.10° 0.115503
21py 45 1.6192 101 0.00570-9%
27Np 36 2.7134.10° 0.08%0 03
BLK-A 29py 11 34153100 -
240pyy 12 34431100 0.1075:59
241py 13 0.072%.10° 0.001900
27Np 22 2.7t67.10° 0.0875:24n.a.
BD02-0m 29py 39 (4.540.6) - 107 -
240py A7 (8.0+0.5)-105  0.177+0.027
2lpy 48 1.6755 104 < 0.0025
27Np 25 (6.0 0.6) - 107 1.334+0.23
BD02-20m 29py 36 (4.16 +0.19) - 107 -
240py 39 (9.140.7)-10  0.220+£0.019
2Ulpy 41 6.677:5-10* 0.001670- 5024
27Np 34 (2.284£0.25)-107  0.54£0.07
BD02-50m I~ 239Pu 25 (3.97+0.33) - 107 -
240py 27 7.891028. 109 0.20610050
241py 28 54711104 0.00175:501
27Np 21 518.10° 0.40%999

Table B.1.: Individual sample results - part 1.
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B. Individual sample results

sample nuclide ?*Pu count rate number of isotopic
[Hz] atoms ratio
BD02-50m II ~ ?Pu 2.1 4.059-107 -
240py 2.2 7.78%925. 109 0.2075 02
241py 2.4 0.0+42.106 0.000+39%
27TNp 21 1.4679-28 . 107 0.224907
BD02-100m 239Pu 33 9.9109.107 -
240py 36 (1.8240.07)-107 0.18640.019
21py 36 3.5780.101 0.0002+9:9011
2TNp 21 (8.4+1.3)-107 0.8740.16
BD02 B-10 29py 35 (1.4+0.5) - 108 -
240py 39 (258 £0.14)-107  0.19+0.07
241py 40 1.2799.10° 0.000819990%
2TNp 22 (8.441.3)-107 0.62 4 0.25
BD04-50m 239Py 30 (4.6 +0.8)-107 -
240py 35 (8.4+0.5)-10° 0.1940.04
21py 38 4.8+83. 101 0.0007 199923
27TNp 5 1.3704.107 0.307058
BD04-300m 29py 37 (1.5440.31) - 108 -
240py 42 (2.9740.10)-107  0.1940.04
2Ulpy 44 9.277:0. 104 0.000510-0005
27Np 22 (3.04£0.6)-10"-  0.2040.06
BD04-500m I ?*Pu 52 (2.3+£0.4)-108 -
240py 58 (4.304£0.28)-107  0.19240.33
21py 60 1.7597.10° 0.0007 139953
2TNp 8 (1.03£0.17)- 108 0.4640.11
BD04-500m II ~ %Pu 0.34 8.3758-107- -
240py 0.41 3.7118.107- 0.5103
241py - n.a. n.a.
237Np _ - -
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sample nuclide 2*?Pu count rate number of atoms  isotopic ratio
[Hz] relative to #'Pu
BD07-100m 9Py 0.036 n.a. n.a.
240py 0.048 n.a. n.a.
241py 0.084 n.a. n.a.
2TNp 41 21717107 n.a.
BD11-4000m  ?*Pu 0.011 n.a. n.a.
240py 0.028 n.a. n.a.
241py 0.039 n.a. n.a.
2Np 52 4713210 n.a.
BD15-1000m  ?*Pu 25 (2.53+0.29) - 108 n.a.
20py 29 (5.03+0.29) - 107 0.200 0
21py 30 3.473¢.10° 0.0010-087
27Np 29 2,474,109 - 0.00970-908
BD17-0m 29py 36 (1.9+£0.4) - 107 -
240py 43 1.3%95.106 0.0470:04
241py 44 0.772% - 10° 0.00370:064
2TNp 86 8.9718. 109 0.671935
BD15-1000m  ?*Pu 49 (1.7340.14) - 108 -
240py 48 (4.240.4)-107 0.25"008
21py 46 0.7737.10° < 0.0024
2BTNp 20 4.2+23.106 0.012+3902
BD17-0m 239py 27 11194107 -
240py 29 8.279%.10° < 0.13
241py 27 0.4%55 - 108 < 0.31
2BTNp 35 9.4+14. 106 0.387015
BLK-I 239Pu 75 47107106 -
240py 71 53715 .10° -
241py 87 271104 -
2TNp 71 2.2454-108 -

Table B.3.: Individual sample results - part 3. The results in the lower part of the table

were measured in a previous beam time.
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C. Results for Pu and Np recovery

sample volume method AI(NO3); ?2Pu 239/B3TNp
matrix [ml] yield [%] yield [%)]
fresh water 20 DOWEX 1-x8 - n.a. 48.1 + 2.2
fresh water 20 TEVA, 0.2M yes 924+ 29 33.3 £ 3.1
oxalic acid
fresh water 20 TEVA, change to yes n.a 75+ 0.7
HCL for elution
fresh water 20 TEVA, Fe separa- yes n.a 88.9 + 8.4
tion before column
fresh water 20 TEVA yes 88.9 £ 2.8 107 + 10
sea water 550 TEVA yes 91.4 + 4.3 829+ 179
sea water 550 TEVA no n.a. 93.1 £ 9.0
sea water 3000 TEVA no 88.8 + 4.3 66.8 + 5.9
[AEA-443 600 TEVA yes 109 + 11 n.a.
IAEA-443 600 TEVA no 114 £+ 12 96.9 + 7.8
sea water 550 TEVA+UTEVA yes < D.L. 55.4 £ 6.8
sea water 550 TEVA+UTEVA yes 40.5 £ 4.5 49.0 &£ 7.2
sea water 520 TEVA+UTEVA yes 54.8 £ 3.9 46.0 + 5.1
Pacific 2750 TEVA+UTEVA yes 144 + 12 34.6 £ 3.8
Ocean
Pacific 2750 TEVA+UTEVA yes 118 £ 9 50.9 + 5.7
Ocean

Table C.1.: Complete lists of experimentally obtained chemical recoveries of the Pu and
Np tracers in different sample matrices with 1 sigma uncertainties detected
by activity measurement (upper half) and ICP-MS (lower half), n.a.: not

analyzed.
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D. Further chemical separation

techniques

D.1. Solvent extraction

The most prominent example for solvent extraction is the PUREX process which is used
to separate Pu and U from fission products and other actinides for the reprocessing of
spent nuclear fuel [162]. During solvent extraction the elements of interest, which are in
the aqueous phase, e.g. in nitric acid, are transferred to a highly selective organic solvent
by mixing [163]. For an unexperienced user, however, the subsequent separation of the two
phases is not trivial, so that recoveries can be rather low depending on the abilities of the
user. Due to the high selectivity of the different solvents, several extraction steps might be
needed, to separate several radionuclides from each other completely. Furthermore, after
the back-extraction of the respective elements, organic liquid wastes accumulate which
require separate disposal. Because of the rather high effort, solvent extraction not used

very often for the analysis of environmental samples [12].

D.2. lon exchange chromatography

A more convenient method for the separation of actinides is ion exchange chromatography,
where radionuclides in solution are poured onto a column filled with a chemically active
resin. Depending on the chemical characteristics of the different elements, they either pass
through the column or sorb to the resin. The latter can be eluted then from the column
by different diluted acids or complexing agents. A further separation can be achieved
during elution with respect to the different sorption strength of different actinides on
the resin. In general, it can be distinguished between anion and cation exchange resins,
depending of the functional group of the resin which can be either e.g. a sulfonic -SOsH
group in case of the cation exchanger or e.g. a quaternary ammonium ion -N(CHj3)3OH
in case of an anion exchange resin[112]. After dissociation of the H" and the OH™,
respectively, the functional group of the cation exchange resin ends up with a negative
charge where cations can adsorb, whereas the anion exchange resin can bind anions, due

to the remaining positive charge of the functional group. Even though actinides form
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D. Further chemical separation techniques

positive ions, anion exchangers are more efficiently used for their separation and thus
are more widespread in the analysis of actindes than cation exchangers. This is because
cation exchangers are only selective for ions with a valence state between +I and +11I [12].
Dissolved in HNOj or HCI, the actinides form anionic nitrate or chlorid complexes ac-
cording to their oxidation state which are retained on the column. For example, Pu and
Am can be efficiently separated from each other by ion exchange chromatography, as Pu
forms nitrate complexes in oxidation state +IV in 8 M HNOj3 whereas Am in its most
prominent oxidation state +III does not. Consequently, Pu stays on the column whereas
Am passes through. From the large variety of possible oxidation states of the actinides,
it is clear that the oxidation states have to be carefully adjusted to obtain reasonable
recoveries. For this purpose, different oxidizing and reducing agents as Fe(II) sulfamate,
ascorbic acids are added to the sample solution which has to be present as 7-8 M HNOj;
to fix the the oxidation state of the respective radionuclides. This solution is then called
column load solution.

Fig. D.1 shows a possible separation procedure according to the problem of this work,
which is the effective separation of Am, Pu and Np. After the separation of Am(III) which
passes through the column, Pu(IV), which is bound to the resin as a nitrite complex, has
to be reduced to +III before it can be eluted from the column. For this purpose, a strong
reducing agent as e.g. hydrazine hydrochloride, hydroxylamine, HI or HBr has to be used.
However, it is well known, that especially the first two reagents are highly toxic and also
explosive [164, 165|. HI and HBr are very strong acids and form a strong vapor of Iy and
Brs which are also extremely hazardous. As the sample preparation was first planned to be
performed at the MLL which is equipped with exhaust hoods with only low performance,
this procedure was not feasible due to safety reasons. Most conventional reducing agents
other than those named before, do not fulfill the requirements of a-spectrometry, ICP-
MS and AMS. Furthermore, it is recommended to use dilute HNO3-HF for an enhanced
recovery of Np during elution, as F~ ions complex Np very efficiently. In general, elution
of Np is also possible without HF by decreasing the NOj3 concentration by rinsing the
resin with dilute HNOj3. The procedure without HF and using HI for Pu elution was tested
at the Radiochemie Miinchen within the scope of this work, but did not show satisfying
results (see Ch.5.3).
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D.2. Ion exchange chromatography

Column Load Solution

|

12 ml AG 1- x8 mit 8M HNO,

3. | 1. ’ 2.
Elute with _
Hydrazine Hydrochloride Rinse with _ Elute with
in 8M HCI or 8M HNO, dilute HNO; - HF
HI/HBr
Pu U, Am Np

Figure D.1.: Flow chart of a possible Pu, Am and Np separation method using ion ex-
change chromatography. Marked in red are the elution steps which posed
a problem for handling in the chemistry lab of the MLL, as hazardous sub-

stances are involved.
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E. Purification and characterization
of the 23'"Np solution

The 23"Np concentration in the solution, received from the RCM, was determined by
detecting the v activity of its daughter nuclide ?*3Pa (T = 27.0d) by a high-purity Ge-
detector and assuming secular equilibrium between 23’"Np and ?**Pa. The corresponding
~ spectrum which was recorded for 1800 s is presented in Fig. E.1 in the interesting energy
range from 0 to 600 keV. More detailed information on the set-up used for v spectrometry
at the RCM can be found in Ch.5.2.1.

From the several lines of ?**Pa which can be identified in Fig.E.1, the predominant
312.17keV gamma line with the highest yield of 38.60 % was chosen to calculate the total
233Pa, activity of the 23"Np solution. The activity was determined to 9.95 4+ 0.79 kBq.
Due to the production way of 2"Np by irradiation, it cannot be excluded that considerable
amounts of 2?Pu and 2*°Pu were also built up. These increased concentrations might
cause contaminations in the chemistry lab of the MLL during the preparation of the
ZTNp /?*2Pu standard sample. Also in the ion source, a sample several order of magnitudes
more concentrated than the expected trace level of the environmental samples, could
lead to cross-talk and might lead to wrong concentrations of 23°Pu and 2‘°Pu. Also a
contamination of the sample by 2*2Pu would lead to a wrong 2*"Np/?*?Pu ratio in the
standard sample. However, it cannot be told from the + spectrum in Fig. E.1 whether
there are elevated levels of the a-emitters 23°Pu, 24°Pu and 2*?Pu. The energies of the 4’s
emitted by the those nuclides are below 100 keV and therefore, are superimposed by the
X-ray spectrum of different elements, especially U. For this reason, it was decided to clean
the 2*"Np standard solution from possible Pu impurities and determine their remaining

concentration and the 2"Np concentration by a-spectrometry afterwards.

E.0.1. Purification of the »"Np solution provided by the RCM

Approximately one half of the initial *"Np standard solution were purified in order to
keep activities which have to be handled as small as possible on the one hand but on the
other hand to obtain sufficient statistics in the activity measurements. By weighing the
solution and using the results for the 2*3Pa activity from the ~ spectrometry the initial
B7Np was determined to be 4.64kBq % 0.37kBq. For the cleaning of the 3"Np solution
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E. Purification and characterization of the 23" Np solution

Np-237 standard solution

10° |

U-Ka XRAYS  —|
233Pa
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Figure E.1.: v spectrum of the 2"Np solution from the RCM detected by a high-purity
Ge-detector. Several emission lines of the 23"Np daughter nuclide 23*Pa can

be identified, which were used to calculate the activity of 2"Np.

from the Pu impurities the procedure described in Ch. 4.2.4 using a single TEVA column
was applied. After the separation a quick scan of all three fractions and the column
itself for the 233Pa activity was done with v spectrometry. Approximately 17 Bq of 23*Pa
were found in the Pu fraction, 220 Bq in the Np fraction, 1kBq in the Am fraction.
The main part of 233Pa seemed to be on the column but could not be quantified due
to the unknown geometry. Obviously, Pa did not follow in the Np fraction due to the
different chemical characteristics of Pa and hence, the secular equilibrium of 2"Np and
233Pa was broken by the separation process. This demonstrates that the procedure was
optimized for the separation of Am, Pu and Np and thus, the application to different
actinides is not straightforward. For the characterization of the purified Np fraction, an
aliquot of 0.4988 g was taken aside for o spectrometry. The aliquot was electro-deposited
as described in Ch.5.2.1 at a voltage of 12V and currents between 0.28 A and 0.29 A.
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E.0.2. Characterization of the final »"Np solution and standard

sample preparation

The "Np a preparation was measured for 340000 s in an Integrated Alpha Spectrometer
from Canberra [123] which is equipped with a 450 mm? PIPS detector with a detection
efficiency of 8.53-1072 4 3.98-10~°. The spectrum on the left side of Fig. E.2 nicely com-
pares to the o energies emitted by the decay of 2"Np. Consequently, the peak structure
can be clearly identified as 2*"Np emission lines which were evaluated with the program
Genie 2000 Alpha Analysis, available from Canberra using the relative a-emission yields,
given in Appendix A, to obtain the specific activity of the purified 23"Np solution. As
the resolution of the detector was not sufficient to analyze and fit every line individually,
regions of interest were defined grouping together several peaks. The respective emission
yields were then added up in the calculation of the overall 2"Np activity. A table of the a

energies and the respective yields of the relevant nuclides can be found in the Appendix A.

237 238
] Np 3,5x10° 5 Pu
1,0x10°
1 3,0)(102— 239Pu/240Pu
=
8,0x10"+ 25%10°
‘2 6,0)(104—‘ _2 2,0)(102-
3 S
[3) S )
1 O 1,5x10% 3
4,0x10*
3 1,0x10% 3
2,0x10" 3
1 5,0x10" 4
0,0 0,0 3
450 455 460 465 470 475 480 485 49 5,0 5,1 52 53 54 55
Energy (MeV) Energy (MeV)

Figure E.2.: a-spectrum of the 2*"Np solution after the purification. Left side: the distinct
lines can be attributed to the alpha emission of 23"Np. Right side: at higher
energies small concentrations of impurities are visible which correspond to
239Pu/29Pu and 23®Pu, respectively. Different scales on the y axis are used

to improve the visibility of the Pu impurities.

The specific activity obtained from the different regions of interest for the purified 2"Np
solution are listed in Tab. E.1 with one sigma uncertainty. However, the individual values
vary strongly, which has to be taken into account when calculating the error weighted
mean value for the specific activity of 2"Np. For this reason, the error derived from the
standard deviation of the mean value was added to the propagated statistical error leading
to the final result of 229 Bq/g 421 Bq/g. In order to obtain a suitable concentration for

analysis by AMS, a dilution series with four steps was performed. The dilution used for
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E. Purification and characterization of the 23" Np solution

Region of interest [keV] emission yield [%] Specific activity [Bq/g]

4612.3 - 4687.6 10.3 202 £ 0.58
4690.5 - 4731.7 1.71 280 £ 1.1
4728.9 - 4852.6 84.6 221 £0.14
4854.0 - 4889.5 2.92 267 £+ 0.82

Table E.1.: Results for the specific activity of the purified 23" Np solution for the individual

regions of interest with one sigma uncertainty.

the standard samples finally had a concentration of 7.08 £ 0.64-10% 23"Np/g(solution).

At higher energies of the a spectrum shown on the left side of Fig.E.2 contaminations
which can be attributed to #?Pu/?*'Pu and ?*®*Pu are visible. However, only 6 events with
an energy close to 4,902 MeV were detected, which corresponds to the most pronounced
a line of 22Pu with a yield of 76.53% [166]. This corresponds to a specific activity of
0.54mBq/g and an atomic ratio of 2*?Pu/?**"Np = 4.1.1077. Using a typical number of
around 3.0-10° 2"Np atoms, would produce a 2*?Pu contamination of 1.2-10% atoms in the

standard sample, which is negligible.
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F. Prepared 237Np/242|3u standard

samples

Name Number of *”Np atoms Number of ??Pu atoms 2"Np/?*?Pu ratio

STD 1 1.09(10)-10° 5.68(6)-10° 0.191(17)
STD 2 1.21(11)-10° 5.68(6)-10° 0.214(20)
STD 3 2.69(24)-10° 5.66(6)-10° 0.48(4)
STD 4 1.65(15)-10° 1.988(20)-10° 0.83(8)
STD 5 2.53(23)-10° 1.988(20)-10° 1.27(12)

Table F.1.: Prepared »"Np/?*?Pu standard samples.
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G. Certificates

IRMM

e Institute for Reference Materials and Measurements

CERTIFICATE
SPIKE ISOTOPIC REFERENCE MATERIAL IRMM-085

3.909 8(60) - 10® mol (*Pu) - kg™ (solution)

The Spike Isotopic Reference Material is supplied with an isotope amount content of
242py certified as above.

The amount of other plutonium isotopes present are related to the 2*?Pu content
through the following certified amount ratios:

n(®Pu)n(**?Pu) : 0.000 008 3(56)
n*Pu)n(**?Pu) : 0.000 826 8(40)
n(*°Pu)/n(**?Pu) : 0.000 107 9(40)
n*Pu)/n(®*?pPu) : 0.000 005 4(24)
n**Pu)n(®**?Pu) : 0.000 015 0(40)

This corresponds to an isotopic composition with the following abundances :

amount fraction (-100)

mass fraction (-100)

n(*®Pu)in(Pu) 0.000 83(56) m(**®Pu)/m (Pu) 0.000 82(56)
n(®°Pu)/n(Pu) 0.082 60(40) m(*Puym(Pu)  0.08158(40)
n*°Pu)/n(Pu) 0.010 78(40) m(*°Pu)/m (Pu) 0.010 69(40)
n(**Pu)/n(Pu) 0.000 54(24) m(>**Pu)/m(Pu) 0.000 54(24)
n(*Pu)/n(Pu) 99.903 75(92) m(*?Pu)/m(Pu)  99.904 87(92)
n(**Pu)/n(Pu) 0.001 50(40) m(*Pu)/m(Pu) 0.001 51(40)

The molar mass of the plutonium in this sample is 242.056 028(28) g-mol*

From the certified values, the following amount content and mass fractions are
derived:

3.9135(60) - 10® mol (Pu) - kg! (solution)

9.464(14) -10° kg (**Pu) - kg* (solution)

9.473(14) - 10° kg (Pu) - kg (solution)

-2440 GEEL (Belgium)
Tel.: +32-(0)14-571 608 - Fax: +32-(0)14-571 863 03/00
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G. Certificates

{

\
{ @ )
\{\QJ IInterAna(ioEnalﬁmic Energy Agency

Atoms for Peace

International Atomic Energy Agency

Department of Nuclear Sciences and Applications
IAEA Environment Laboratories

Vienna International Centre, P.O. Box 100, 1400 Vienna, Austria

REFERENCE SHEET

CERTIFIED REFERENCE MATERIAL

IAEA-443

NATURAL AND ARTFICIAL RADIONUCLIDES IN SEA WATER
FROM THE IRISH SEA

Certified values for massic activities

Radionuclide Certified value Expanded uncertainty
(Bqkg’] (Bq kg™
*H 37.2 0.5
o 11.4 0.4
gy 0.110 0.005
B¢ 0.36 0.01
B4y 0.044 0.002
3y 0.00185 0.00010
Gl 0.039 0.002
28y 0.0031 0.0001
239+240p, 0.0147 0.0002
A 0.0197 0.0010

) Estimated expanded uncertainty with a coverage factor k=2, correponding to a level of confidence of approximately 95%, as defined in

the Evaluation of measurement data - Guide to the expression of uncertainty in measurement JCGM100:2008 [1].

) The values should be corrected for in-growth from 2**pu

Reference date for decay correction: 1 January 2007

RS_IAEA-443.Rev.01 / 2013-10-18 Page 1 of 5
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Information values for massic activities

Radionuclide Information value Combined expanded uncertainty

[mBq kg™] [mBq kg™]
20mh 0.5 0.1
221 0.19 0.03
29y 8.2 0.8
20py 7.0 0.6
*1py 161 19

Reference date for decay correction: 1 January 2007

Origin and preparation of the material

In collaboration with IAEA-MEL, the Federal Maritime and Hydrographic Agency (BSH), Hamburg, Germany,
collected about 3600 litres of surface water from the Irish Sea on-board Research Vessel Valdivia on
September 7, 1993. Sampling was performed while cruising between two shallow (ca. 20 m water depth)
stations located at 54°24,89' N - 3°33,62' W and 54°23,2'N - 3°33,45'W. Water was sampled from 5 m water
depth, stored in 600 L containers and acidified to pH<1 immediately without prior filtration. A part of the
sample was forwarded to IAEA-MEL and was used for the IAEA-381 interlaboratory comparison on
anthropogenic and natural radionuclides. The results obtained from 28 laboratories were reported and the
IAEA-381 Certified Reference Material was issued [2-3].

In 2005, 1100 L of this sample, stored at the then Risp National Laboratory, Denmark, were provided to IAEA-
MEL. The sample was then transferred into a container of 1500 L and mixed for 4 hours using two pumps,
aliquoted into 5 L cubitainers and coded as IAEA-443. All units were sterilized according to I1SO standards at
25 kGy in an irradiation facility.

Characterization study

The IAEA-443 candidate reference material was characterized in an interlaboratory comparison (ILC) with
participation of 28 laboratories, including 10 expert laboratories, from Austria, Belgium, Denmark, Finland,
France, Germany, Hungary, Ireland, Morocco, Netherlands, Norway, Japan, Portugal, Slovakia, Spain, Sweden,
U.K., U.S.A, and the IAEA Laboratory in Monaco.

Laboratories were requested to determine as many natural and anthropogenic radionuclides as possible by the
analytical method of their choice. The following methods were used: gamma-spectrometry, low background
gamma-spectrometry, alpha-spectrometry, beta counting and/or mass spectrometry.

Assignment of values - Certification procedure

The assigned property values were established on the basis of results reported by participating laboratories to
the IAEA Environment Laboratories in Monaco. The medians for the sets of individual data were chosen as the
best estimations of the property values [4-8] and are reported as certified values when:

(i) at least 5 laboratory means were available, reported from at least 3 different laboratories and

(ii) the relative uncertainty of the median did not exceed 5% for activities higher than 100 Bq kg™,

+10% for activities from 1 to 100 Bq kg'1 and £20% for activities lower than 1 Bq kg'l.

An activity value was considered as an information value if at least 5 laboratory means calculated from the
results of at least 2 different laboratories were available.

RS_IAEA-443.Rev.01 / 2013-10-18 Page 2 of 5
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H. List of Pacific ocean water

samples

station depth [m] latitude longitude salinity
BDO02 0 37°19.83 N 141°27.59 E n.a.
BDO02 20 37°19.83 N 141°27.59 E  33.740
BDO02 50 37°19.83 N 141°27.59 E  34.178
BD02 100 37°19.83 N 141°27.59 E  34.033
BDO02 B-10 (139) 37°19.83 N 141°2759 E 34.048
BD04 0 37°48.469 N 143°52.476 E n.a.
BD04 20 37°48.469 N 143°52.476 E  34.352
BD04 50 37°48.466 N 143°52.467 E  34.754
BD04 100 37°48.466 N 143°52.467 E  34.691
BD04 200 37°48.466 N 143°52.467 E 34.492 .
BD04 300 37°48.466 N 143°52.467 E  34.319
BD04 400 37°48.5 N 143°52.5 E  34.276
BD04 500 37°48.5 N 143°52.5 E  34.111
BD04 600 37°48.5 N 143°52.5 E  33.999
BDO07 100 46°59.986 N 160°4.988 E  33.127
BDO7 300 47°0.02 N 160°5.01 E  34.003
BDO7 600 47°0.02 N 160°5.01 E  34.250
BDO7 1000 47°0.03 N 160°4.913 E 34.419

Table H.1.:

List of Pacific Ocean water samples with geographic coordinates - part 1.

Salinity is given in terms of PSU (Practical Salinity Unit) and therfore has

no dimensions. B denotes “bottom”.
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H. List of Pacific ocean water samples

station depth [m] latitude longitude salinity
BD07 2000 47°0.035 N 160°4.992 E  34.607
BDO07 3000 47°0.035 N 160°4.992 E  34.663
BDO07 4000 47°0.006 N 160°4.987 E  34.684
BDO07 5000 47°0.006 N 160°4.987 E  34.685
BD07 B 47°0.006 N 160°4.987 E  34.688
BD11 0 47°0.05 N 179°59.85 W n.a.
BD11 200 46°59.99 N 179°59.98 W  33.666
BD11 500 47°0.06 N 179°59.94 E  34.069
BD11 2000 46°59.98 N 179°59.99 E  34.585
BD11 3000 47°0 N 179°59.92 E  34.655
BD11 4000 47°0 N 179°59.92 E  34.679
BD11 5000 47°0.05 N 179°59.85 W  34.688
BD11 B 47°0.05 N 179°59.85 W  34.682
BD15 0 50°50.06 N 160°0.0 W n.a.
BD15 100 50°50.04 N 159°59.93 W  33.181
BD15 300 50°49.94 N 160°0.09 W  34.003
BD15 600 50°49.87 N 159°59.95 W  34.229
BD15 1000 50°49.87 N 159°59.95 W  34.398
BD15 2000 50°49.85 N 160°0.25 W 34.586
BD15 3000 50°49.85 N 160°0.25 W  34.625
BD15 4000 50°50.06 N 160°0 W 34.676
BD15 B 50°50.06 N 160°0 W 34.682
BDS2 0 50° N 140° W n.a.
BD17 0 43°0.05 N 132°3991 W  32.861

Table H.2.:
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List of Pacific Ocean water samples with geographic coordinates - part 2.

Salinity is given in terms of PSU (Practical Salinity Unit) and therfore has

no dimensions. B denotes “bottom”.



List of Abbreviations

AMS Accelerator mass spectrometry

BWR Boiling Water Reactor

EDX-Analysis Energy Dispersive X-Ray Analysis
ESA Electrostatic Analyzer

FCV  Free Column Volume

FDNPP Fukushima Daiichi nuclear power plant
GAMS Gas-filled Analyzing Magnet System
GRS Gesellschaft fiir Reaktorsicherheit

HPCI high pressure injection

HZDR Helmholtz Zentrum Dresden-Rossendorf
IAEA International Atomic Energy Agency

1C isolation condensor

ICP-MS Inductively Coupled Plasma Mass Spectrometry

INPO The Institute of Nuclear Power Operations
KIT Karlsruhe Institute of Technology

LLNL Lawrence Livermore National Laboratory
LPCI low pressure coolant injection

MCP Micro channel plate

MLL Maier-Leibnitz-Laboratory

MOX Mixed Oxide Fuel

PCV primary containment vessel

PPG Pacific Proving Grounds

PSU Practical Salinity Unit

RCIC reactor core isolation system

RCM Radiochemie Miinchen
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H. List of Pacific ocean water samples

RHR residual heat removal

ROI Region of Interest

RPV reactor pressure vessel

SCRAM Safety Control Rod Activator Mechanism
SHC shutdown cooling

TEPCO The Tokyo Electric Power Company

ToF Time-of-Flight

TRU transuranium elements

VERA Vienna Environmental Research Accelerator
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