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Abstract

Resonant laser ionization is a versatile analytical technique that is highly element
selective and therefore in combination with mass spectrometry an excellent tool for
the trace and ultra-trace analysis of radionuclides in the environment. Time-of-
flight secondary ion mass spectrometry (TOF-SIMS) is a spatially resolved mass
spectrometry imaging method for the investigation of surface compositions. But,
as many other mass spectrometry techniques, it can be hampered by isobaric inter-
ferences. Therefore, by combining resonance ionization mass spectrometry (RIMS)
with TOF-SIMS, a new spatially resolved, highly element selective technique is cre-
ated, that addresses the shortcomings of either method. This technique is called
resonant laser secondary neutral mass spectrometry (rL-SNMS). In this work, the
combined approach of rL-SNMS and TOF-SIMS was developed and applied for
the investigation of the (geo-)chemical behaviour of plutonium in the context of
long-term nuclear waste disposal in a deep geological repository (DGR). This is
documented in the first and second publication that are part of this dissertation.
Due to the abundance and long half-life of the radioisotope **Pu in high-level
waste from spent nuclear fuel, plutonium is of special interest for the safety case
of a DGR. Therefore, it is the subject of laboratory studies that aim to investigate
the chemical interactions with the barrier materials considered for a DGR and also
yield parameters and constants that can be used to model the behaviour of pluto-
nium. For the analysis of such experiments, the combined approach of TOF-SIMS
and rL-SNMS can deliver new insights. In this thesis it was successfully demon-
strated that it is possible to use TOF-SIMS and rL-SNMS for the observation of the
diffusion of plutonium in Opalinus Clay, a potential host rock material for a DGR,
and to model the resulting diffusion profile. At the same time, specific correlations
and colocations with the elements of the host rock material were observed, hinting
at the involvement of specific clay minerals in the retention of plutonium. This
would not have been possible with abrasive peeling in combination with classical
radioanalytical techniques, which is usually applied for the study of the migration
of radionuclides. Furthermore, the time necessary to retrieve the diffusion profile
was reduced. While it often takes multiple weeks to analyse the sanded samples
via a- or 7-ray-spectroscopy, it was possible to already obtain the diffusion profile
via TOF-SIMS and rL-SNMS in just a few days.

The other three publications included in this thesis focus on the investigation and
development of the excitation schemes necessary for RIMS or rL-SNMS measure-
ments. In the third publication, a newly published excitation scheme for plutonium
was investigated. Here, previously unknown isotope shifts for the plutonium iso-
topes 238724024py were measured and the efficiency of this new scheme compared
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to the established scheme usually applied in RIMS and rL-SNMS measurements
in the Nuclear Chemistry. Here, no improvement was observed. However, based
on this work it is now possible to apply the new scheme for measurements of the
mentioned Pu isotopes and their ratios.

The fourth and fifth publication are documenting the development of novel exci-
tation schemes for neptunium as well as their application in spectroscopic investi-
gations. Due to its long half-life, the neptunium isotope **’Np is of similar interest
for the safety case of a DGR like 2°Pu. This collaborative effort with the LARISSA
workgroup of the Institute of Physics of the Johannes Gutenberg-Universitat Mainz
was undertaken to develop more efficient excitation schemes for RIMS and r.-SNMS
measurements of neptunium. These novel schemes are the basis for the translation
of the migration studies conducted in this thesis with plutonium to neptunium.
Furthermore, the ionization potential of neptunium was remeasured as well as the
hyperfine structure and isotope shift of >*’Np and **Np investigated. This deliv-
ers new insights into fundamental nuclear properties of neptunium and makes it
possible to test the use *’Np as an isotopic spike for the quantification of *"Np in
RIMS measurements of environmental samples.
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Zusammenfassung

Resonante Laserionisation ist eine vielseitig einsetzbare analytische Technik, die
elementselektiv ist und aus diesem Grund in Verbindung mit Massenspektrometrie
eine exzellente Methode fiir die Spuren- und Ultraspurenanalyse von Radionukliden
in der Umwelt ist. Flugzeitsekundarionenmassenspektrometrie (engl. time-of-flight
secondary ion mass spectrometry, TOF-SIMS) ist eine ortsaufgeloste Methode fiir
bildgebende Massenspektrometrie fiir die Untersuchung der Zusammensetzung von
Oberflachen. Jedoch, wie viele andere massenspektrometrische Methoden, kann
sie durch isobare Interferenzen gestort werden. Durch die Kombination von Re-
sonanzionisationsmassenspektrometrie (engl. resonance ionization mass spectrom-
etry, RIMS) mit TOF-SIMS ergibt sich die Méglichkeit einer neuen, ortsaufge-
losten und elementselektiven Technik, welche die Nachteile der jeweils anderen
Methode behebt. Diese Technik heiffit resonante Laser Sekundarneutralteilchen-
massenspektrometrie (engl. resonant laser secondary neutral mass spectrometry,
rL-SNMS). In dieser Arbeit wurde der kombinierte Ansatz von rL-SNMS und
TOF-SIMS entwickelt und fiir die Untersuchung des (geo-)chemischen Verhaltens
von Plutonium im Zusammenhang mit der Endlagerung von nuklearen Abfallen in
einem tiefengeologischen Endlager verwendet. Aufgrund der Menge und der langen
Halbwertszeit des Radioisotops **’Pu in hochradioaktiven Abfillen aus abgebrann-
ten Brennelementen ist Plutonium von besonderem Interesse fiir die Sicherheits-
analyse eines tiefengeologischen Endlagers. Daher ist es Gegenstand vieler Studien,
die zum Ziel haben die chemischen Wechselwirkungen mit den geplanten Barrieren-
materialien fiir das Endlager im Labormafstab zu untersuchen. In diesen Studien
sollen ebenfalls Parameter und Konstanten gewonnen werden, mit denen das Ver-
halten von Plutonium im Endlager simuliert und fiir den Zeitraum von bis zu einer
Million Jahre vorhergesagt werden kann. Bei der Analyse solcher Experimente kann
der kombinierte Ansatz von TOF-SIMS und rL.-SNMS neue Erkenntnisse liefern. Im
Rahmen dieser Promotion wurde gezeigt, dass es mittels TOF-SIMS und rL-SNMS
moglich ist, die Diffusion von Plutonium in Opalinus Tongestein, einem maoglichen
Wirtsgestein fiir ein tiefengeologisches Endlager, zu beobachten und dariiber hi-
naus das Diffusionsprofil zu modellieren. Gleichzeitig wurden Korrelationen in der
Intensitat und Verteilung mit Elementen aus dem Wirtsgestein beobachtet, die auf
die Beteiligung bestimmter Tonmineralien an der Riickhaltung von Plutonium hin-
weisen. Dies ware mittels abrassiver Methoden und der Analyse der Schleifproben
mit klassischen radioanalytischer Techniken, die haufig fiir die Untersuchung des
Migrationsverhaltens von Radionukliden eingesetzt werden, nicht moglich gewesen.
Des Weiteren wurde der Zeitaufwand um das Diffusionsprofil zu erhalten drastisch
reduziert. Wahrend die Analyse der Schleifproben mittels a- or y-Spektroskopie
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oftmals Wochen in Anspruch nimmt, konnte das Diffusionsprofil mittels TOF-SIMS
und rL-SNMS in wenigen Tagen erhalten werden.

Die anderen in dieser Dissertation enthaltenen drei Publikationen fokussieren sich
auf die Untersuchung und die Entwicklung der fiir RIMS und rL-SNMS notwendigen
Anregungsschemata. Im Rahmen der dritten Publikation wurde ein neu veroffent-
lichtes Anregungsschema fiir Plutonium untersucht. Hier wurden die noch unbekan-
nten Isotopieverschiebungen fiir die Plutoniumisotope 2*® 2*%24Py vermessen und
die Effizienz des neuen Schemas zu dem in der Kernchemie etablierten Schema ver-
glichen. Es konnte dabei keine verbesserte Effizienz festgestellt werden. Basierend
auf dieser Arbeit ist es nun dennoch moglich das neue Schema fiir Messungen der
genannten Plutoniumisotope und ihrer Verhéltnisse zu verwenden.

Die vierte und fiinfte Publikation dokumentieren die Entwicklung neuer Anre-
gungsschemata fiir Neptunium und deren Anwendung in spektroskopischen Unter-
suchungen. Aufgrund seiner langen Halbwertszeit ist das Neptuniumisotop **"Np
von ahnlichem Interesse fiir die Sicherheitsanalyse eines tiefengeologischen End-
lagers wie ?*Pu. In einer Zusammenarbeit mit der LARISSA Arbeitsgruppe aus
dem Institut fiir Physik der Johannes Gutenberg-Universitdt Mainz wurden Anstren-
gungen unternommen effizientere Anregungsschemata fiir RIMS und rL-SNMS Mes-
sungen an Neptunium zu entwickeln. Diese neuen Anregungsschemata bilden die
Grundlage dafiir die in dieser Dissertation erfolgten Untersuchungen zur Migration
von Plutonium auf Neptunium zu iibertragen. Des Weiteren wurde das lonisa-
tionspotential von Neptunium neu vermessen und sowohl die Hyperfeinstrukturen
als auch die Isotopieverschiebung von **’Np und 2*Np untersucht. Dies liefert neue
Einblicke in die fundamentalen Eigenschaften des Neptuniumkerns und erlaubt es
auBerdem in Zukunft den Einsatz von *Np als internen Standard in RIMS Mes-
sungen zur Quantifizierung von **’Np in Umweltproben zu testen.
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Introduction and Motivation

1.1 Long-term nuclear waste storage

The management and disposal of radioactive waste and spent nuclear fuel is a
major challenge for every country with a nuclear program. The current consensus
is the final disposal of radioactive waste in deep geological repositories (DGR). The
Spent Fuel and Radioactive Waster Information System (SRIS) by the International
Atomic Energy Agency lists a total of 4004 306 m? of radioactive waste and 104 382 t
of heavy metals in spent nuclear fuel (SNF) globally [1]. However, this list is
incomplete and does not include data from all TAEA members, so the real amount
is expected to be higher. Furthermore, with many countries and private companies
investing heavily into nuclear power and the design of novel reactor types, such
as small modular reactors, these numbers are only expected to rise [2]. At the
moment, 416 nuclear power reactors are in operation with an additional 62 units
under construction worldwide [3].

The situation in Germany differs in this point from many other countries. With
the exit from nuclear power and the shutdown of the last nuclear power reactors
in April 2023 [4], the total amount of radioactive waste and spent nuclear fuel at
least from nuclear power will not increase in the future. Current estimates predict
a total of 10500t of heavy metals from spent nuclear fuel with a total volume of
27000m? for Germany that will need to be stored safely for one million years as
high-level waste (HLW). Additionally, 300 000 m?® from low- and intermediate-level
waste are expected [5]. However, the latter number is estimated to double due
to the dismantling of the former repository site Asse Il and waste from uranium
enrichment. A report from 2023 states, that the only DGR currently under con-
struction, the “Schacht Konrad”, with a total capacity of 303000m? for low- and
intermediate-level waste, is supposed to be completed at the end of 2029 [6].

With the reform of the 2013 repository site selection act in 2017, German regula-
tors decided on restarting the search for a long-term DGR for the final disposal of
HLW in Germany [7]. While the act calls for the start of operation of a repository
site by 2031, a recent external study predicts the beginning of disposal of HLW to
start as late as 2074 [8].

One major challenge for the German search for a suitable site of a DGR for
high-level waste is that Germany has access to all three types of host rock material
that are considered suitable: argillaceous, salt or crystalline rock shows
a photograph of the three rock types.
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Figure 1.1: Examples for the three host rock systems considered suitable for long-term
nuclear waste storage: argillaceous, salt and crystalline rock (left to right).

Many points need to be considered for the evaluation of each material, ranging
from the engineering requirements to build a DGR inside this host rock to the
fundamental geochemical interactions of the various radioactive elements. Since it
is not possible to conduct experiments at the timescale of the one million years of
safekeeping mandated, it is necessary to study the processes involved in the labora-
tory within a comparable short time frame and retrieve parameters that can then
be used to model and predict the behaviour of the radioactive inventory. The Ger-
man site selection act mandates to find the “the best possible site” for a DGR .
Consequently, it is also necessary to have the best and most detailed understanding
of the underlying (geo-)chemical interactions of the radioactive inventory with the
(geo-)technical and geological barriers that make up the multi-barrier system pre-
venting the release of the radioactive inventory into the environment. Since these
barrier materials are supposed to prevent the release of radioisotopes into the bio-
sphere and protect its species from harm, the study of their migration and retention
is of significant importance. Experiments designed to address these processes are
studying for example transport mechanisms such as diffusion, but also sorption or
the stoicheometry and formation of complexes with ligands that might alter the
migration behaviour of radionuclides. To analyze and to evaluate samples from
these experiments in order to gain further insights into the underlying physical and
chemical processes, requires sensitive and precise analytical methods.

The actinides plutonium (Pu) and neptunium (Np) play a major role in the
safety case of a DGR. Pu is of major interest due to its complex aqueous chemistry
and its abundance in SNF. The amount of Pu produced in a power reactor varies
with the reactor type and the burnup factor. As a rough estimate a 1 GW electric
power light water reactor produces around 300 kg of Pu as SNF per year ﬂg[] The
isotope 2Pu (t1/2 = 24110a), which is present in significant amounts in SNF, will
be responsible for most of the radioactive inventory of a DGR for around 2 x 10° a
after the decay of the fission products after 1000 a. For Np, the isotope »"Np is the
most relevant for the final disposal of SNF. It is also generated as part of the nuclear
fuel cycle and the amount produced depends on the reactor type and burnup. As
an estimate, around 3kg of »"Np are produced per year per 1 GW thermal power
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[10]. With a half-life of 2.14 x 10°a it will become the main contributor to the
radioactive inventory of the DGR after the decay of *"Pu and the total inventory
of the disposal site will actually increase in the beginning due to the decay of
Am that is produced from %*°Pu during operation of a nuclear reactor. Due
to their long half-life and resulting low specific activity, classical radioanalytical
techniques, such as a- or v-ray-spectroscopy, are not able to detect ***Pu and
ZTNp in the small amounts expected in the far-field of a DGR. Therefore, other
analytical techniques, that do not rely on the radioactive properties, for example
inductively coupled plasma mass spectrometry (ICP-MS), thermal ionization mass
spectrometry (TIMS) or accelerator mass spectrometry (AMS), are used. However,
these mass spectrometry methods can be hampered by isobaric interferences and do
not offer spatial resolution, which is of great interest for the study of the geochemical
interactions of radionuclides with heterogeneous materials present in a DGR. By
investigating which components of the barrier systems are directly responsible for
immobilizing the radionuclides in situ at the micro-meter scale, the knowledge of
the underlying chemical and physical processes could be extended. Such studies
would therefore directly contribute to making an informed decision on the “best
possible” DGR.

In the thesis presented here, the spatially resolved analytical techniques time-of-
flight secondary ion mass spectrometry (TOF-SIMS) and resonant laser secondary
neutral mass spectrometry (rL-SNMS) were developed and applied for the study
of (geo-)chemical interactions of Pu with materials relevant in a future DGR (pub-
lication I and II). Furthermore, efforts were made to improve resonance ionization
mass spectrometry (RIMS) and rL-SNMS measurements by investigating a novel
excitation scheme for Pu (publication IIT). Additionally, by contributing to the
development and investigation of new two-step excitations schemes for Np (publi-
cation IV and V) the basis for transferring the results for Pu to Np was created.
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1.2 Trace and ultra-trace analysis via resonance
ionization

Resonance ionization (RI) is a highly sensitive analytical technique that is element
selective. The principle of RI is to excite and subsequently photoionize an analyte
using laser light tuned to specific electronic transitions of said analyte. The process
is illustrated in [figure 1.2h. Due to the unique electronic structure of every element,
this results in highly efficient suppression of background and isobaric interferences,
making RI a great tool for the trace and ultra-trace analysis of elements for both
detection and quantification. As stated above, this is especially of interest for
the long-lived radioisotopes in the context of a DGR, such as Pu and Np, since
classical radioanalytical techniques such as a- or y-ray-spectroscopy are not able
to detect them in small amounts due to the low specific activity. To detect the
generated photoions, RI is often paired with mass spectrometry. This combination
is called resonance ionization mass spectrometry (RIMS). In case RI is used as post-
ionization technique together with time-of-flight secondary ion mass spectrometry
(TOF-SIMS), the term resonant laser secondary neutral mass spectrometry (rL-
SNMS) has been established. The benefit of using a mass spectrometer as detector
is that it allows for the detection of multiple isotopes of the same element since it
separates the photoions according to their mass-to-charge ratio (m/Z). [Figure 1.2b
shows a schematic for the selectivity of RIMS.

a E Pu* b “\.mass separation
. Cm 240 || Cm 241 || Cm 24%1 Cm 243
27d 328d 162.8d 291y
Am 238 . Am 240 || Am 24
SES 98 m 50.8 h 4326y 16.02h
S

Np 236 || Np 23 Np 238 Np 240
153 ky 2.144 .099d

U2359| U236 || U237 || U238
Pu 07204 || 23.42My || 6752d || 99.2742

Figure 1.2: (a) Illustration of a three-step excitation process for resonance ionization.
The electron is excited from the ground state (GS) to the first excited state
(FES), to the second excited state (SES) into a Rydberg state (Ry) just
below the ionization potential (IP). From there the ionization takes place
via an external electric field, collision or black-body radiation. This type of
excitation scheme were used in the publications I, IT and III. (b) Excerpt of
the nuclide chart demonstrating the selectivity of the combined approach of
resonance ionization (RI) and mass spectrometry (MS).

FES

An important component of using RIMS for the detection of an analyte is the
development and characterization of an excitation scheme. They are developed
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on the basis of spectroscopic studies that identify suitable electronic levels and
transitions in an element. As shown in [figure 1.3 which gives an overview of the
current amount of laser spectroscopic studies conducted on radioisotopes, such data
is readily available and therefore it is possible to use RIMS for the detection and
quantification of many radionuclides.
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Figure 1.3: Overview of the current status of laser spectroscopic studies of radioactive
isotopes. The graphic was taken from the online database of peer-reviewed
spectroscopic studies of radioactive isotopes maintained by the group of Prof.
W. Nortershéuser from the TU Darmstadt. Stable isotopes are shown in
black, radioactive isotopes in red. Graphic and references are available on the
website of the database [11].

In publication I and II, that are investigating the use of rL-SNMS for the study
of the geochemical interactions of Pu with materials of a DGR and were focused on
the detection of a single Pu isotope, a well established and characterized excitation
scheme by Griining et al. [12] was used. This three-step scheme is also used in
routine RIMS measurements of environmental samples from Rhineland-Palatinate
for the quantification of ?*Pu and ?*°Pu that are conducted annually in the Nuclear
Chemistry and for which the author was responsible from 2019-2023. The absolute
quantification via RIMS relies on a pure isotopic spike of known quantity, which
is added to the sample and is then used as an internal standard for the other
isotopes. The benefit of an isotopic spike is that it behaves just like the analytes
during the necessary chemical separation and preparation of the sample as well as
during the atomization in the source region of the measurement setup. Since this
internal standard should not be present in the sample itself, for the quantification
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of #*Pu and ?*°Pu in environmental samples the rare ***Pu is used, since it was not
part of the global nuclear fallout. Due to the atmospheric and exatmospheric tests
of nuclear weapons in the 1940s-1960s, man-made Pu is now ubiquitous and the
isotopes ***Pu and **°Pu can be found in trace amounts all over the world [13-15].
When measuring these isotopes and their ratios via RIMS or rL.-SNMS, whether it
is for quantification with the use of an isotopic spike or fingerprinting as part of a
nuclear forensic investigation, it is of the utmost importance to ensure all isotopes
are photoionized equally. This requires the identification and characterization of
the so called optical isotope shift for the energy levels used in an excitation scheme
for a certain element.

The isotope shift characterizes small differences in the energy of an atomic level
between isotopes of the same element due to differences in mass of the nucleus
(mass shift), as well as differences in the charge distribution inside the nucleus
(field shift) resulting from the changing number of neutrons. For lighter elements,
such as technetium, this difference is negligible compared to the linewidth of the
laser light and the isotopes *"Tc and **Tc can be measured at the same time [16].
For heavier elements, such as Pu and Np, the isotope shift can be multiple GHz and
therefore the lasers need to be tuned to the exact resonance of each isotope during
a measurement to ensure accurate results. The isotope shifts for the Pu excitation
scheme by Griining et al. are well known. However, for a novel excitation scheme
for Pu by Galindo-Uribarri et al., only the resonance wavelengths for ***Pu were
reported [17]. In order to be able to apply this scheme for RIMS and rL-SNMS
measurements of other Pu isotopes and to measure their isotope ratios accurately,
the previously unknown isotope shifts for 2323%21024py were quantified as part of
the investigations reported in publication III. displays the big difference

of almost 20 GHz between ***Pu and ***Pu observed for the second excitation step.
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Figure 1.4: Isotope shift for the second excitation step between 2**Pu and 24*Pu for the
scheme developed by Galindo-Uribarri et al. The data for this plot was taken
from publication III [18].

That means that even if a laser with a linewidth of multiple GHz is used, it is
not possible to pump this transition in both Pu isotopes equally at the same time.
Therefore, it is required to adjust the laser wavelength for this excitation step, when
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switching between the isotopes.

The results of publication IIT make it now possible to use the excitation scheme by
Galindo-Uribarri et al. for RIMS and rL-SNMS measurements of more Pu isotopes
as well as to measure their isotope ratios accurately.

In contrast to Pu, no isotopic spike is readily available for the quantification of
ZBTNp. Due to their half-lives, 2*Np or 2*Np would be suitable candidates. How-
ever, both need to be produced at accelerator facilities and in order to be obtained
in sufficient purity, need either highly purified isotopic targets or subsequent ex-
tensive isotopic separation [19, 20]. In the course of the author’s PhD, efforts were
made to use *°Np as an isotopic spike for quantification. 2*Np has only a half-
life of 2.4d, but can readily be produced by the irradiation of #**U at the TRIGA
research reactor of the Johannes-Gutenberg Universitat Mainz and separated by
anion exchange chromatography. The excitation scheme used was chosen based
on the work of N. Stobener, who developed with S. Raeder three-step excitation
schemes for **’Np [21] and characterized them on the RIMS setup in the Nuclear
Chemistry in his thesis [22]. The necessary isotope shift measurements for **Np
were conducted in a collaboration with | llllllll -t the RISKIO mass separator
of the LARISSA workgroup in the Institute of Physics of the Johannes Gutenberg-
Universitat Mainz and published as part of the master thesis of Benjamin Holz
[23], whose practical work was instructed and supervised by the author.
displays the results of these measurements.
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Figure 1.5: Measured resonances for 2>’Np and 23'Np using the excitation scheme for
the Np scheme previously investigated by Nils Stobener [22]. Formal data
analysis and visualization by the author of this thesis.

The three-step scheme was then applied to measure a mixed artificial sample of
ZTNp and ?'Np in the RIMS setup of the Nuclear Chemistry.
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Figure 1.6: Excerpt of a mass spectrum of a mixed 23"Np and 2**Np sample measured at
the RIMS setup at the Nuclear Chemistry using the wavelength and isotope

shifts displayed in

However, as evident in [igure 1.6 the overall efficiency of the measurement was
lacking and the amount of **Np detected insufficient to be used as a tracer for
23TNp with sufficient statistical reliability. The efficiency was roughly 1-2 orders of
magnitude below measurements of Pu. It became clear that a new and more effi-
cient excitation scheme was required for future attempts of the quantification of Np
with an isotopic spike. These investigations were conducted in a collaborative effort
with Magdalena Kaja from the LARISSA workgroup in the Institute of Physics of
the Johannes Gutenberg-Universitat Mainz. The results were published in publica-
tion IV and V. In publication IV, new two-step excitation schemes for **’Np were
developed. The investigations also revealed that the first excitation step used in
the three-step scheme by N. Stobener and displayed in is inefficient in
comparison with other possible transitions. Additionally, the ionization potential
of Np was remeasured and the uncertainty of the literature value reduced by two
orders of magnitude. For the development of the excitation schemes a special focus
was put on the suppression of ?*’Pu, the daughter of **°Np, to allow accurate iso-
topic ratio measurements in case **Np is used as an isotopic spike. Publication V
features high resolution spectroscopy of *’Np and ?*Np using the novel two-step
excitation schemes to measure the hyperfine structure of the first excited step of
both isotopes as well as the isotope shift. Based on the results of publication IV
and V, together with currently ongoing upgrade of the laser system in the Nuclear
Chemistry, which will allow for the application of the novel two-step excitation
schemes, the efforts to measure and quantify Np via RIMS and rL-SNMS can be
continued in the future.

Another important characterization of an excitation scheme is it efficiency. How-
ever, as it was also demonstrated in the publication III for Pu, the efficiency of a
RIMS measurement does not only depend on the excitation scheme alone, but on
factors such as atomization efficiency of the type of source used, the shape of the
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atom plume, the overall atom-photon interaction volume, laser power and the ion-
ization process. Therefore, the overall efficiency of a RIMS measurement is highly
setup specific and cannot necessarily be directly compared with others. That also
means that the efficiency of the novel excitation schemes developed for Np in pub-
lication IV will also have to be tested on the RIMS and rL.-SNMS setups in the
Nuclear Chemistry and carefully evaluated once the upgrade of the laser system is
finished.

1.3 Chemistry and migration behaviour of plutonium
and neptunium in Opalinus Clay

Publication I documents the initial setup and development of the rL-SNMS in the
Nuclear Chemistry for the study of Pu in the context of DGR materials. Based on
this work, in publication II the application of the combined approach of TOF-SIMS
and rL-SNMS for the study of the geochemical interactions and migration behaviour
of Pu in Opalinus Clay (OPA) was investigated. The study of the migration pro-
cesses of radionuclides through barrier materials is an important component for
the safety case of a DGR. By observing and modelling the spreading of a radionu-
clide in a medium, it is possible to derive the necessary parameters to predict the
propagation behaviour of the radioactive inventory of the DGR during its lifetime.

OPA is a type of clay rock that can be found in the Southern-German and
Northern-Swiss Jurassic. It was formed as sediment approximately 1.5 x 10%a to
2 x 10% a ago. The name is derived from the species Leioceras opalinum, which can
be found as fossil in large quantities in it. Nagra, the Swiss National Cooperative
for the Disposal of Radioactive Waste, has proposed OPA as a host rock for the
Swiss DGR [24]. In general, clay rock is one of the potential host rock systems that
is considered suitable for a DGR for the final disposal of radioactive waste. There-
fore, many countries are investigating various types of clay as well, for example:
Boom Clay (Belgium), Queenston Formation Shale (Canada), Callovo-Oxfordian
(France), Boda Claystone (Hungary), and Wakkanai (Japan) [25]. Favourable prop-
erties of clay rock are the large specific surface area, providing sorption sites for
the retention of mobilized radionuclides, as well as the vast, but fine porous space.
Furthermore, it is largely impermeable to water, providing a natural border for
groundwater carrying layers above and below the clay rock, and it displays “self-
healing” properties: Cracks and other damages, that would allow water to flow
through and mobilize the radioactive inventory, are closed due to the swelling that
clay rock displays if it gets in contact with said water [26]. This property derives
from swelling clay minerals, such as smectite. Due to this low permeability, diffu-
sion is considered the main transport mechanism for radionuclides, such as Pu and
Np, through clay rock.

The OPA samples used in this work are from the Mont Terri Underground Rock
Laboratory in Switzerland (URL, St-Ursanne, Switzerland). shows a
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piece of OPA from which samples for this thesis were produced.

N>

Figure 1.7: Piece of Opalinus Clay rock from the Mont Terri Underground Rock Labo-
ratory used in publication II. From this piece small parts were sawed off and
prepared for CNC milling to produce the diffusion cores.

Three main lithostratigraphic units of OPA from the URL can be distinguished:
Shaly, sandy and carbonate-rich sandy facies. They originate from variations in the
content of clay minerals, quartz and carbonates. However, the overall mineralogical
variability of OPA in northern Switzerland is considered small: Typical clay mineral
contents (kaolinite, illite, chlorite, smectite, siderite, pyrite) are in the realm of
60(15) %, carbonates approximately 20(15) % and quartz/feldspars circa 20(10) %
127]. The redox properties of the OPA host rock system are dominated by the
Fe’ /Fe’t and SO4* /S** equilibrium originating from pyrite and siderite with
a partial pressure of COs of around 6.31 mbar. Pore sizes of OPA are in the range
of 1nm to 100nm [28].

In its natural state, OPA is saturated with OPA pore water (pw). Three types of

pw can be distinguished: Free, outerlayer and interlayer pw . Figure 1.8 shows
a schematic of the pore space and the different types of pw inside OPA.

swelling clay minerals

non-swelling

. lay mineral
interlayer pw clay erais

free pw

outerlayer pw

Figure 1.8: Schematic of the pore space filled with different types of pore water (pw):
Interlayer pw in between swelling clay minerals and outerlayer pw (darker
blue), as well as free pw (light blue).
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As the name suggests, free pw is in the interparticle pore space and not or only
weakly bound. Outerlayer pw shows less mobility and is bound to the surface of
the clay minerals due to electrostatic interactions. Additional pw is present in the
interlayer of swelling clay minerals such as illite and smectite. The pw composition
and its pH have a major influence on the chemical speciation of the radioisotopes
and therefore on their chemical interactions. This needs to be taken into account
when designing an experiment.

For example, the initial oxidation state of the ?*?Pu added to the diffusion experi-
ment reservoir in the study presented in publication IT was VI (PuO,*"), which was
confirmed by UV-VIS measurements of the stock solution. However, measurements
via capillary electrophoresis coupled to an inductively coupled plasma mass spec-
trometer (CE-ICP-MS) at the end of the experiment revealed, that Pu is present
in the pw reservoir has actually the oxidation state V (PuO,™).
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Figure 1.9: Electrophoretic mobility of Pu and Np in OPA pw at pH 7.5 measured by
CE-ICP-MS. Since Np is stable as NpOo ™ under these conditions and both ra-
dioisotopes are showing the same mobility, it follows that Pu must be present
as PuOy™ in the OPA pw reservoir. The figure was taken from publication II
[29].

Another important variable is the partial pressure of CO5 in OPA as shown in
the POURBAIX diagram of Pu in pw in [figure 1.10, Under oxidizing conditions
(c(COy) = 420 ppm) at pH 7.5, Pu(OH), and PuO," are the dominating forms of
Pu in solution. If the partial pressure of CO; is increased to 6.31 mbar as observed
in the URL in Switzerland [30], CO3®>  complexes of Pu with different solubility
are to be expected. The experiments presented in publication II were conducted
under atmospheric conditions as a proof of concept and due to the unavailability
of anoxic OPA samples.

11



Introduction and Motivation

1 T T T T T
A |Pu0,(SO,) PUOL(COy) N b [PU02S04) p0,co,)
8fF T AN PuO,(CO3); 8F e 2 A"O
2T Il
ol PuO} % . 7,
. S . _ U
Pu(OH)3 ) PU(OH)} PuO,(CO5) G
4F e 4f
— B —
4] = 4]
S 2 2 S 2l PU(OH),(COZ)5”
~— l>l_\ ~—
< . Q < -
i 0 (9 i 0
S+ +
2 PU(SO,)" v _ap  PuSOd
il | ] I S N = 1Pu(CO)F
““““ Pu(CO! T
_6F Pu(CO,)" 1 _6f (CO,)
25 C L L L L L 25 C L L L L L
6 6.5 7 7.5 8 8.5 9 6 6.5 7 7.5 8 8.5 9
pH pH

Figure 1.10: POURBAIX diagram of Pu in OPA pw for atmospheric COq pressure (4.2 x
103 mbar) (a) and for the partial pressure of COs expected in a DGR in
OPA (6.31mbar) (b). OPA pw composition after |[31]. Calculated with
Geochemist’s Workbench(C) [32] and the ThermoChimie database v12a (SIT)
[33).

The exact contents of OPA pw may vary depending on the facies found in a
certain bore hole or a certain depth [30]. Nevertheless, a recipe for OPA pw from the
URL has been established by Pearson et al. [31] and is widely applied in literature
for laboratory experiments [34-37], including publication II. The pH value of this
artificial OPA pw is adjusted to approximately pH 7.5 to match natural conditions.

As mentioned above, the transport mechanisms of actinides through porous me-
dia, such as OPA, is diffusion. It describes the movement of particles along a
gradient from higher concentration to lower concentration. Due to the previously
discussed self-healing properties of clays, other transport mechanisms such as ad-
vective transport are not of relevance for the migration of radioisotopes through
OPA [38]. The diffusion takes place through the extensive connected porous space
filled with the previously mentioned types of OPA pw.

The counter force of the migration of radionuclides through OPA via diffusion
are sorption processes with the clay minerals. The two main mechanisms for sorp-
tion are cation exchange and surface complexation [38]. In addition, redox active
minerals such as the Fe(II) containing pyrite can change the oxidation state of the
radionuclide to a less soluble species and therefore cause retention by precipitation.
For example, it has been shown in literature, that Pu(V) is reduced to Pu(IV),
which has a decreased solubility, while diffusing deeper into OPA [39]. The same
has been demonstrated for Np: During the diffusion process Np(V) is reduced to
the less soluble species Np(IV) and here pyrite has been indicated as at least one
of the redox-active minerals involved [40]. In the investigations presented in pub-
lication II, the distribution of Pu in the OPA diffusion samples was studied via
TOF-SIMS and rL-SNMS. The subsequent analysis revealed the presence of “hot
spots” of Pu on the sample surface and a colocation and correlation between Fe,
Ca and Pu (compare [figure 1.11)). The colocation of these three elements indicates

12
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the involvement of the mineral pyrite in the retention of Pu described in literature.
Since pyrite is often present in OPA as sub-mm aggregates that are held together
by a cementitious phase of calcite, this would explain the observed colocation of
Fe and Ca in spots of increased Pu signal. Therefore, the findings in publication 11
are another indicator of the chemical interaction of Pu and pyrite.

. SO

high
OPA
diffusion
core
| 5mm |
low

Figure 1.11: TOF-SIMS mappings of an excerpt of the border area of OPA Pu diffusion
sample. Shown are the total ion signal, the sum of the Pu™ and PuO*
signal, as well as Fe™ and Ca™. In the red highlighted area 5 spots can
be identified that show a colocation of Fe, Ca and Pu. This hints at a
geochemical interaction of Pu and the clay mineral pyrite. The figure was
taken from publication II [29].

Due to the negative charge of the clay minerals resulting from the replacement
of higher with lower valency cations, e.g. replacement of Si** with AI*" [38], the
sorption and therefore diffusion behaviour of anionic, neutral and cationic species
differ. Negatively charged species, such as TcO, are repelled, whereas cationic
species, such as NpOy™ or PuO,™, are attracted by the electrostatic forces. Ad-
ditionally, the negative surface charge makes the process of surface complexation
pH dependent. At a lower pH the negative surface charge of the clay minerals is
reduced due to protonation. Therefore, less sorption sites for cationic radionuclides
are available. Interestingly, the decreased sorption behaviour of anionic species does
not necessarily lead to higher diffusion constants and faster migration compared to
neutral species in OPA. A possible explanation is that due to the repellent electro-
static forces anions can not enter smaller pores and therefore have less migration
pathways available |[41]. Based on the interactions described above, it could be ex-
pected that cationic species show a reduced mobility compared to neutral species.

13
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However, when normalized to the diffusion to neutral species such as HTO and
the respective diffusion coefficient in bulk water, cationic species show an increased
mobility [38]. This phenomenon can not be explained by a concentration gradient
driven diffusion in the free pw. If this was the case, a higher mobility for the neutral
species compared to the cations would be predicted, since the latter should sorb
to the mineral surface. Since this is not the observed behaviour, the existence of a
mobile surface species in addition to the species in the free pw has been suggested
[38]. To support this, it has been demonstrated that the mobility of a species that
interact with the surface by forming chemical complexes, rather than electrostatic
interactions, is also highly dependent on the ionic strength of the background elec-
trolyte. Here, a decrease in ionic strength of the electrolyte lead to an increase in
diffusion depth [42]. To describe these observations, a model of surface diffusion in
the electronic double layer (EDL), which is at the interface between free pw and the
negatively charged clay mineral surfaces, has been suggested. shows a

schematic for this model.
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Figure 1.12: Schematic of the combined transport of cationic species in the free pw and
the electronic double layer (EDL). Figure adapted from [38].

Accordingly to the model, two type of cations exist in the EDL: One is tightly
sorbed to the surface of the negatively charged mineral clay, the other one is present
in its vicinity and is still mobile. However, mathematical descriptions of this model
are still under development.

Therefore, for the modelling of the diffusion profile of Pu in OPA observed in
publication II, the simple description of the diffusion as a concentration gradient
driven process was chosen. Mathematical expressions for this diffusion model can
be derived from FICK’s first or second law. In publication II, a mathematical
expression derived by Yaroshchuck et al. [43] for filterless in-diffusion derived from
FicKk’s second law was used. While this mathematical model does not account for
processes such as surface driven diffusion, or the redox-activity of Pu, it was still
possible to describe the diffusion profile with acceptable accuracy and an apparent

diffusion coefficient D, was retrieved. The resulting fit is displayed in [figure 1.13]
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Figure 1.13: Diffusion profile of Pu in Opa obtained via TOF-SIMS. The diffusion time
was 35d. For the model a solution of FICK’s second law derived by
Yaroshchuck et al. [43] for filterless in-diffusion was used. The figure was
taken from publication IT [29].

In conclusion, the development of the joint approach of TOF-SIMS and rL-SNMS
for the investigation of Pu in the context of a DGR, in combination with the
method-tailored sample preparation and novel data analysis workflows presented
in publication II, allowed for the study and modelling of Pu diffusion profiles in
OPA while retaining the micro-structure of the sample. This is a clear advantage
over the traditionally applied method of abrasive peeling, during which the sample
is destroyed [34) 36]. Another significant advantage is the reduction of the analysis
time of a diffusion profile. To obtain a diffusion profile via abrasive peeling, the
sample needs to be sanded approximately 10 pm at a time and each sanding pa-
per measured via classical radioanalytical technqiues. Assuming a diffusion depth
of 300 pm and in case of radionuclides with low specific activity, such as ?*Pu or
ZTNp, this can accumulate to total measurement times of multiple weeks. By us-
ing TOF-SIMS and rL-SNMS, the diffusion profile of a sample as it was used in
publication II can be obtained within a single day. In combination with the newly
developed highly automated analysis workflow, the profile can then be modelled and
diffusion constants obtained almost instantly. Furthermore, some of the referenced
literature studies were conducted using synchrotron radiation at a designated facil-
ity. To obtain beam time at such a research institution can be a difficult and time
consuming process. With the development and demonstration of the capability of
the combined approach of TOF-SIMS and rLL-SNMS, it is now possible to perform
spatially resolved analysis of DGR materials in the Nuclear Chemistry. This opens
the possibility of sample pre-screening “in-house” which safes beam time during
the development phase of new sample preparation methods or can provide already
strong preliminary data for the beam time application. Currently, experiments and
measurements are ongoing to conduct diffusion experiments with Np in OPA based
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on the developments and results presented in publication II. With the ongoing setup
of a new laser system, it will also be possible to apply the new schemes developed
as part of publication IV for rL-SNMS of these samples.

16



Experimental instrumentation

2.1 Tunable Ti:Sa laser system

The laser system for RIMS and rL-SNMS measurements deployed for most of the
measurements presented in the publications I-III consisted of three, so called “stan-
dard” titanium-doped sapphire crystal solid-state lasers (Ti:Sa) jointly pumped by
a frequency doubled solid-state neodymium doped yttrium aluminum garnet laser
(Nd:YAG) at 532nm with 10kHz with a total of 45 W laser power and ca. 150ns
to 200 ns pulse width [18] 29, 44].

Figure 2.1: Photo of the Ti:Sa laser system in operation in the configuration mostly used
in this thesis. In the center are the three Ti:Sa laser with the red fluorescence
of the Ti:Sa crystal visible. The green light is emitted by the Nd:YAG pump
laser. In the top left the blue light of the external second harmonic generation
(SHG) of one Ti:Sa can be seen.

Towards the end of this thesis, the process of upgrading and modernizing the laser
system was begun in close collaboration with the LARISSA work group from the
Institute of Physics of the Johannes Gutenberg-Universitat Mainz, that is special-
ized in designing and building Ti:Sa. The upgrade includes an additional Nd:YAG
pump laser as well as two “grating” and a newly designed “standard” Ti:Sa. Since
the upgrade is still ongoing, of these new units only the new pump laser and the new
generation “standard” Ti:Sa were used for measurements presented in publication
IIT [18]. However, the “grating” type lasers were already used to great extend for
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the work presented in publication IV for the wide range scans of resonances of Np
in the laser lab of the LARISSA workgroup [45].

In general, Ti:Sa are tunable in the range from approximately 700 nm to 1000 nm
[46]. This property is the result of the strong interaction of the doped Ti’t ions
inside the sapphire crystal lattice which broadens the energy levels and leads to a
continuous fluorescence spectrum. A schematic of such a tunable four level laser,

like a Ti:Sa, is shown in [figure 2.2]
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Figure 2.2: Schematic of a tunable four-level solid state laser.

In such a system, a short lived excited state is populated by optical pumping.
From here a radiationless transition through coupling of phonons populates the
longer-lived upper laser level. Either through spontaneous or stimulated emission
the system then relaxes into the lower laser level which is broadened by the inter-
action of the ion with the doped crystal lattice. This results in the emission of a
spectrum since transitions of different energies are possible. From the lower laser
level the system once again relaxes without radiation into the ground state from
which the cycle can start again.

For tuning the laser to a specific wavelength different optical components are
placed inside the laser cavity depending on the laser design and application. The
“standard” Ti:Sa features a Z-shaped cavity and uses a LyOT filter consisting of
three birefringent crystals in combination with an FABRY-PEROT etalon for wave-
length selection. shows schematics for the old generation, as it was used
for almost all measurements in this thesis (a) and the current generation design

(b).
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Figure 2.3: Schematic of the old (a) and new generation (b) “standard” Ti:Sa cavity.
Both desings feature a focusing lense (L) for the pump beam, the curved mir-
rors (CM) around the Ti:Sa crystal (Ti:Sa), an end mirror (EM), LyoT filter,
FABRY-PEROT etalon and an output coupler (OC). The old design included a
PockELS cell (PC) for temporal synchronisation which is not required in the
new design. The new generation unit features optional IC-SHG for which the

OC is replaced with an end mirror and a beta-barium borate crystal (BBO)
is placed inside the cavity. Not to scale.

a b

The biggest difference between the old and current generation “standard” Ti:Sa,
beside a significant reduction in size, is the lack of a POCKELS cell in the modern
units. In the old design, the POCKELS cell functions as a g-switch in the resonator
and prevents the laser from oscillating when a high voltage is applied to it and the
laser pulse can be delayed with respect to the pump pulse of the Nd:YAG. If the
Ti:Sa lasers are operated at different frequencies the resulting laser pulses are not
emitted at the same time, due to the difference in energies of the oscillating waves
in the resonator. In the modern units small adjustments to the pulse timing can be
done by adjusting the focus of the pump beam into the Ti:Sa crystal and for larger
adjustments, by changing its position with respect to the curved mirrors. This
eliminates the need for a high voltage supply and the necessary adjustments of the
laser cavity during setup. This simplifies the operation of the laser. Additionally,
the new design provides ca. 33 % higher output powers at the same wavelength and
pump laser power using broadband mirrors.

Another benefit of the new generation Ti:Sa is the ability for intra-cavity second
harmonic generation (IC-SHG). In general, higher harmonic generation, i.e. the
generation of multiples of the fundamental Ti:Sa wavelength, is necessary to pro-
vide photons with enough energy to access the first excited states of many elements,
that require blue, or even ultraviolet wavelength. An additional benefit is the po-
tential to reduce the number of lasers required to photoionize an element, therefore
simplifying the setup and measurement. For example, Pu has an ionization energy
of 6.02576(25) eV [47]. It requires two frequency doubled Ti:Sa or one frequency
doubled and two fundamental Ti:Sa to reach ionization potential of Pu. However,
depending on the element and excitation scheme, factors such as efficiency, element
selectivity and non-resonant ionization have to be considered whether a two- or
three-step scheme is appropriate. Doubling of the frequency, i.e. second harmonic
generation (SHG), was only possible with the old generation Ti:Sa in the Nuclear
Chemistry by passing the fundamental wavelength through a beta-barium borate
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(BBO) crystal outside of the cavity. The efficiency of this single-pass geometry is
around 10 % and results in an oval beam shape. The loss of power is the reason
why so far only three-step schemes have been accessible with the laser setup, since
usually only transitions into the first excited state could be saturated. With IC-
SHG laser powers of up to 550 mW will be possible and the emitted beam shape
significantly improved.

The “grating” Ti:Sa was developed to allow the continuous scanning of the full
Ti:Sa range without the need to adjust the laser mode via the LyoT filter or the
FABRY-PEROT etalon. Like the “standard” Ti:Sa, it makes use of a Z-shaped cavity
with the Ti:Sa crystal, the two curved mirrors and two parallel arms. However, the
end mirror is replaced with an optical grating (GR) in LITTROW configuration
which replaces the LyoT filter and the FABRY-PEROT etalon. displays

a schematic of a “grating” Ti:Sa.
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Figure 2.4: Schematic of the “grating” Ti:Sa featuring an optical grating mounted on a
motorized rotating stage for wavelength selection (GR), a prism beam ex-
pander (PBE) to prevent damaging the GR. Other components, such as the
curved mirrors (CMs) and the output coupler (OC) and the Ti:Sa crystal
(Ti:Sa) as well as the pump beam focusing lens (L) are similar to the “stan-
dard” Ti:Sa. IC-SHG is available by replacing the OC with an end mirror

and placing a beta-barium borate crystal (BBO) inside the cavity. Schematic
not to scale.

The GR is mounted on a rotary motorized stage to scan seamless over the Ti:Sa
range. This makes this Ti:Sa type an excellent tool for spectroscopic studies and
allows for fast switching between excitation schemes for different elements. The
output wavelength of the “grating” Ti:Sa is adjusted by rotating the GR. The
GR has groves which causes phase shifts in the reflected light depending on the
wavelength and the incident angle and therefore constructive and destructive in-
terference. To prevent damaging the GR, a set of four prisms is installed into the
cavity as prism beam expander (PBE) that widens the beam before the optical
grating and collimates it after the diffraction. Also the “grating” Ti:Sa is designed
to allow for IC-SHG. To guarantee a stable laser power output, the BBO crystal
mount can also be motorized to allow necessary adjustments for optimal output
power when scanning over a wide wavenumber range.

Depending on the application, the laser system of the Nuclear Chemistry can
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either be coupled with the RIMS setup for environmental samples or the TOF-SIMS
IIT via a respective multimode optical fiber, or, for the former, also directly. The
wavelengths of the lasers are monitored via a wavemeter (WS6-200, Highfinesse)
equipped with a switch that allows for the quasi-simultaneous monitoring of four
Ti:Sa at 200 MHz accuracy. At the time of writing, two of the three old generation
Ti:Sa have been replaced with the new “standard” and one “grating” Ti:Sa without
IC-SHG. Once the second “grating” Ti:Sa is deployed and IC-SHG is implemented,
the new configuration will allow for the use of novel excitation schemes |45, 48]
as well as the simultaneous operation of the two mass spectrometers for RIMS
and rL.-SNMS measurements with two-step excitation schemes. In summary, in
combination with higher harmonic generation, Ti:Sa are an excellent tool for RI
application since they can cover a wide variety of excitation schemes for the vast
majority of elements in the periodic table.

2.2 Resonance ionization mass spectrometry setup

The RIMS setup of the Nuclear Chemistry is used for spectroscopic measurements
of radionuclides and the quantification of radioisotopes in environmental samples.
The setup can be divided into two parts: A source region and the TOF-MS. A
schematic is shown in and photos of the source region and the TOF-MS

section in [figure 2.6}
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Figure 2.5: Illustration of the RIMS setup for spectroscopic studies and routine measure-
ments on environmental samples. Not to scale. The figure was taken from
publication IIT [18§].

The atoms necessary for RIMS measurements are generated in the source region
by resistively heating a tantalum filament on which the sample has been electrode-
posited up to 1250°C. This produces an atomic plume inside the source region, in
which then the laser beams are shown. In case of Pu or Np, these electrodepositions
are additionally coated with an approximately 1pm thick layer of titanium before
the measurement in a custom sputter setup. The titanium serves as a reducing
agent and increases the atomization efficiency since both Pu and Np are deposited
as ionic species during the electrodeposition. The source region is equipped with
two electrodes, one copper and one corrosive resistant steel, to suppress thermal
ions and electrons. The laser beams for RIMS can be introduced through view
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ports of the source region either via a multimode optical fiber or directly. In both
cases the beams are shown into the atomic cloud perpendicular to the ion extrac-
tion. This geometry on one side eliminates effects such as DOPPLER broadening
and therefore improves the resolution for spectroscopic measurements, on the other
side, it reduces the ionization volume compared to a co-linear arrangement which
decreases efficiency. The photoions are extracted into the TOF-MS with an ex-
traction electrode operating at ca. 1.3kV. The source region is connected to the
TOF-MS via a vacuum shutter. This allows to change the sample in the source
region without having to vent the whole apparatus. The TOF-MS is equipped with
two ion lenses to focus the beam and deflectors to guide it along the drift-path
onto the detector. A reflector extends the total drift path to approximately 215 cm
while keeping the setup’s footprint small and furthermore enhances the temporal
of the MS resolution by compensating for small deviations in the kinetic energy
between ions of the same mass. At the end of the drift path, the ions are de-
tected using a multi-channel plate detector (MCP). The vacuum for measurements
is <2 x 10~®mbar. The instrument was used for the spectroscopic investigations
and efficiency measurements for publication III.

Figure 2.6: Photos of the source region (a) and the TOF-MS section (b) of the RIMS
setup for environmental samples and spectroscopic investigations in the Nu-
clear Chemistry Mainz. In the source region the lasers can be introduced via
an optical fiber from the left, or directly from the right.
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2.3 Time-of-flight secondary ion mass spectrometry

2.3 Time-of-flight secondary ion mass spectrometry

The TOF-SIMS in the Nuclear Chemistry is the commercially available TOF-SIMS
IIT (iontof GmbH, Miinster, Germany). It features a double lens liquid metal ion
gun (LMIG) with ®Ga* as primary ion (PI) source for sputtering the sample, a
TOF-MS with a reflectron and an electron floodgun for charge compensation. A

schematic is shown in [figure 2.7
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Figure 2.7: Photo (a) and schematic (b) of the ToF-SIMS III in the Nuclear Chemistry
Mainz. The illustration was adapted from . Not to scale.

The instrument’s components were overhauled in 2016 and the experiment con-
trol system upgraded to TOF-SIMS V level. This included a new measurement
PC for the measurement and analysis Software SURFACELAB 6.6 and a time to
digital converter connected via USB (USB-TDC). The USB-TDC is also used as
the master clock for the temporal synchronization of the TOF-SIMS III with the
laser system. Further details of the upgrade and the components can be found in
and . Measurements are conducted at pressures <1 x 10~7 mbar. Samples
are introduced via a separate loading chamber that is separated from the analy-
sis chamber via a shutter. The maximum field of view (FOV) of the TOF-SIMS
[T is 500 pm x 500 pm. Measurements are usually conducted at resolutions of
256 px x 256 px or 512 px x 512 px

Time-of-flight secondary ion mass spectrometry (TOF-SIMS) is a spatially re-
solved surface analysis technique. A pulsed beam of Pls is scanned over a sample
and erodes material in the form of cations, anions as well as neutral particles and
molecules. displays a schematic of this process.
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Figure 2.8: Graphical representation of the TOF-SIMS sputtering process. %Ga™t pulsed
primary ions (PIs, gray) are scanned from a liquid metal ion gun (LMIG) over
a sample where surface material is eroded as cations (brown), anions (blue)
and neutral species (green). Depending on the polarity, cations or anions are
then extracted into the mass analyzer. An electron floodgun is available for
charge compensation.

By extracting the secondary ions (SIs) into a TOF mass analyzer, a mass spec-
trum is recorded for every sputtered position. Depending on the polarity of the
extraction voltage, either a cationic or anionic spectrum is accessible. Through
comparison of the relative intensity for an analyte’s mass within the total field
of view (FOV) for each sputtered position, the distribution of said mass on the
surface can be observed. This is called mass spectrometry imaging (MSI). Since
the TOF-MS allows for the simultaneous observation over a wide mass range, the
composition of the sputtered surface is accessible.

There are a broad spectrum of theoretical descriptions for the interaction between
a sample and the PIs leading to the generation of SIs and neutral species [52].
In a simple manner the sputtering process can be described as single knock-on
sputtering: Here, the kinetic energy of the Pls is insufficient to start a cascade in
the sample. Usually the kinetic energy of the Pls is in the eV to low keV regime.
If the transferred energy in a direct collision is bigger than the binding energy,
the bumped particle has a chance to leave the sample. For TOF-SIMS, the PI
source usually operates in the linear-cascade regime , with acceleration energies
around 25keV. Here, the energy of the PI is sufficient to induce primary recoils in
the sample which still have sufficient energy to induce secondary recoils. Through
this cascade, the sample gets eroded and material released. displays a
schematic representation of the two processes.
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Figure 2.9: Illustration of single knock-on (a) and linear cascade (b) sputtering. The
primary ion (gray) collides with atoms of the sample (green). Only for b the
PI has enough energy to start a cascade inside the sample.

The PI beam has a significant influence on the amount and composition of the
sputtered material [54]. Depending on the size and acceleration of the Pls, the
sputtered material may contain more single elements, fragments of larger molecules
or even whole molecules. Therefore, a wide range of PI sources has been developed.
The most commonly used are Ga™, Bi", Bis™, Cg" and Ar-cluster. The latter
can produce up to Arjggo cluster and is able to sputter complete ions with masses
>1000u [55].

Although TOF-SIMS is a very sensitive analytical technique with a wide range of
applications, it has a few disadvantages: Especially when analyzing surfaces with
a complex composition, isobaric interferences can not be excluded. Additionally,
the sputter rate of the ions depends heavily on the chemical environment. This
phenomenon is known as the matriz effect and is in some studies actively used to
enhance the signal by introducing additional chemical compounds [56]. Further-
more, absolute quantification is not possible via TOF-SIMS unless a reference with
a known amount of analyte identical to the sample is available for direct compar-
ison of signal intensities. In absence of such a standard, only relative comparisons
between samples of the exact same composition can be made. The addition of
r.-SNMS presented in publication I as a method of post-ionization addresses the
disadvantage of isobaric interferences.

2.4 Resonant laser secondary neutral mass
spectrometry

As mentioned in the introduction, resonant laser secondary neutral mass spectrom-
etry (rL-SNMS) is the combination of TOF-SIMS and RIMS. Using multi-step
element selective RI via lasers on the sputtered neutrals (SNs) produced by the
PI beam of the TOF-SIMS results in an enhanced signal of a selected element.
The feasibility of using the TOF-SIMS III in the Nuclear Chemistry for rL.-SNMS
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measurements was demonstrated by Erdmann et al. . The development process
and first applications of the post-ionization of Pu via RI have been documented
in publication I. In combination with suppression of the Sls, this method of post
ionization allows for effective suppression of isobaric interferences and isolation of
an analyte signal in the TOF-SIMS, as demonstrated for a pyrite particle contacted
with Pu in publication I. This is especially useful in case the sample contains only
trace amounts of the element of interest that otherwise would disappear in the
background [58]. Furthermore, by detuning the lasers used for the excitation, it is
possible to directly quantify the background and the selectivity of the RI serves as
proof for the attribution of a signal observed on a certain mass to a specific ele-
ment. The suppression of Sls is achieved by applying an additional voltage to the
tip of the mass analyzer’s extractor in combination with a delay of the extraction
which allows the SNs to move into the laser interaction volume above the sample
surface. The resulting photoions are then simply extracted into the mass analyzer
and separated according to their mass-to-charge ratio. A schematic of the process

is displayed in
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Figure 2.10: Schematic of the rL-SNMS post ionization process. The resonant ionization
of neutral species takes place above the sample surface after the suppression
of the secondary ions. Crucial for this process is the timing of the primary
ion and laser pulse with reference to the delay of the extraction.

As shown in [figure 2.7] and described further in publication I, the laser beams
required for rL-SNMS measurements are transported via a multimode optical fiber
to the TOF-SIMS IIT and then introduced into the analysis chamber via a view port.
This setup ensures consistent beam alignment below the mass extractor, but limits
the beam shape and diameter as well as the laser power available. The transmission
loss depends on the wavelength, but can be up to 60 % for blue light. While this
is still sufficient to saturate the FES in three-step schemes, it might cause issues
with novel blue-blue two-step schemes. In order to achieve higher laser powers in
the future, the laser beams could also be directly introduced into the TOF-SIMS
I11.
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At the current state of development of the rL.-SNMS setup in the Nuclear Chem-
istry it is possible to study the geochemical interactions of Pu with DGR materials
as showcased in publications I and II. However, depending on the sample type,
rL-SNMS shows in some cases a reduced signal for Pu compared to TOF-SIMS.
One possible explanation is that only Put photoionized from the ground state of
atomic Pu is observed. If Pu is present as Pu(V) or Pu(IV) as in OPA [39], the
amount of atomic Pu produced in the sputter process might be smaller compared
to Pu™ or PuO™. Nevertheless, despite the reduced signal, it was possible to verify
the spatial Pu distributions measured by TOF-SIMS with rL-SNMS and support
the findings. With the ability to apply novel excitation schemes and higher laser
powers due to the new laser system, this is expected to improve in the future.

Figure 2.11: Photo of the red alignment laser in the TOF-SIMS during setup. The laser
is directly positioned under the extraction electrode of the TOF-MS above
the sample. Behind the extraction electrode is the LMIG, on the left the
electron flood gun. On the right is the video camera for the observation of
the sample during moving and adjustment of the distance to the extractor.
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Abstract

Plutonium is a major contributor to the radiotoxicity in a long-term nuclear waste repository; therefore, many studies have
focused on interactions of plutonium with the technical, geotechnical, and geological barriers of a possible nuclear waste storage
site. In order to gain new insights into the sorption on surfaces and diffusion of actinides through these complex heterogeneous
materials, a highly sensitive method with spatial resolution is required. Resonant laser secondary neutral mass spectrometry
(Laser-SNMS) uses the spatial resolution available in time-of-flight secondary ion mass spectrometry (TOF-SIMS) in combi-
nation with the high selectivity, sensitivity, and low background noise of resonance ionization mass spectrometry (RIMS) and is,
therefore, a promising method for the study and analysis of the geochemical behavior of plutonium in long-term nuclear waste
storage. The authors present an approach with a combined setup consisting of a commercial TOF-SIMS instrument and a
Ti:sapphire (Ti:Sa) laser system, as well as its optimization, characterization, and improvements compared to the original proof
of concept by Erdmann et al. (2009). As a first application, the spatial distributions of plutonium and other elements on the surface
of a pyrite particle and a cement thin section were measured by Laser-SNMS and TOF-SIMS, respectively. These results
exemplify the potential of these techniques for the surface analysis of heterogeneous materials in the context of nuclear safety
research.

Keywords Plutonium - Laser-SNMS - Resonant laser ionization - Ultra-trace analysis - TOF-SIMS - Nuclear waste

Introduction

Due to the long half-lives of its isotopes, such as >>*Pu (2.41 x

10* a) and >*?Pu (3.75 x 10° a), plutonium is considered one
of the major contributors to the long-term radiotoxicity of
nuclear waste. Its complex aqueous chemistry makes the study
of its geochemical interactions with technical and geotechni-
cal barriers, as well as the host rock system, vital for the safety
assessment of possible sites for long-term storage of nuclear
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waste [1]. The current plans for a future German nuclear waste
repository involve a multi-barrier concept in a deep geological
formation storing high-level nuclear waste for one million
years, with the possibility of retrieval for 500 years. Among
others, clay rock is considered as a possible host rock, and
cementitious materials will be part of the technical barrier
[2]. Migration and sorption studies evaluating clay rock and
cementitious materials as geological and technical barriers for
long-term nuclear waste storage are conducted using environ-
mentally relevant actinide concentrations (1 077 t0 10° mol/L)
[3—6]. Investigating the interactions of radionuclides with
these exceedingly heterogeneous materials requires an analyt-
ical method with both high spatial resolution and sensitivity.
Due to the long half-lives of the aforementioned plutonium
isotopes, common radiometric analytical tools, such as alpha-
spectroscopy, do not provide sufficient sensitivity. Several
mass spectrometric methods adequate for a limit of detection
(LOD) of 10° to 10® atoms, such as thermal ionization mass
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spectrometry (TIMS) [7] or inductively coupled plasma mass
spectrometry (ICP-MS) [8], suffer from isobaric interferences.
While accelerator mass spectrometry (AMS) and resonance
ionization mass spectrometry (RIMS) [9, 10] are able to ad-
dress this problem and provide the necessary sensitivities,
they require extensive sample preparation and are only used
for bulk analysis without any spatial information. Secondary
ion mass spectrometry (SIMS) is a spatially resolved method,
but it can be hampered by isobaric interferences and matrix
effects [11].

The analytical method described here aims to combine the
spatial resolution of SIMS with the highly selective resonant
photoionization applied in RIMS. RIMS requires the analyte
in an atomic state. During the sputtering process in SIMS, the
vast majority of the eroded surface material is not ionized and,
therefore, lost for detection. Different approaches to make
these so-called secondary neutrals (SNs) available for mass
spectrometry via post-ionization and to overcome the disad-
vantages of SIMS were developed in the past. Electron beam
and plasma secondary neutral mass spectrometry (SNMS)
[12, 13] both make use of ionization through electron impact.
Electron beam SNMS has been shown to provide useful SN
yields around 10 [14]. For plasma SNMS, a useful yield of
around 10> has been reported [15, 16]. Furthermore, several
attempts using non-resonant laser ionization of SNs have been
made, which resulted in useful yields of 1% [17] or more [18,
19]. Nevertheless, these methods also suffer from isobaric
interferences. Resonant photoionization suffers from a loss
in analytical flexibility since it is element and even isotope
specific, but due to higher cross sections it results in even
higher useful yields compared to the non-resonant process
[15]. Resonant Laser-SNMS has already been successfully
applied to various sample types such as crystalline materials,
doped semi-conductors, ocean sediments, and organic poly-
mers [20-25], and has proven to be adequate for the analysis
of radioactive samples [26—30] using fully custom-built TOF-
MS as well as adapted commercially available TOF-SIMS
instruments in combination with a wide range of laser
systems.

For the initial tuning of the system for conducting and non-
conducting sample types, samples with electrodeposited **Pu
on titanium foil and ***Pu(IV) solution dropped onto ceramic
platelets were analyzed. In addition, the following two sorp-
tion samples were investigated as proof of concept for the
application of Laser-SNMS in the context of nuclear safety
research: (i) pyrite particles with a challenging topography
were extracted from Opalinus Clay rock (OPA) and exposed
to 23?Pu(VI) solution and (ii) a thin section of hardened ce-
ment paste (HCP) was exposed to >**Pu(I1I) solution. Surface
mappings obtained for both systems by TOF-SIMS and Laser-
SNMS show the potential of both methods in the context of
nuclear safety research.
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Experimental section
Experimental setup

The Laser-SNMS setup (Fig. 1) consisted of a commercial
time-of-flight secondary ion mass spectrometer (TOF-SIMS
I, IONTOF GmbH, Miinster, Germany) and a custom-built
Ti:sapphire (Ti:Sa) laser system. The TOF-SIMS instrument
is equipped with a 25 keV *°Ga liquid metal ion gun (LMIG)
as the primary ion source, a reflectron TOF mass analyzer, and
an electron flood gun for charge compensation. The instru-
ment control was upgraded to the IONTOF TOF-SIMS V
level, including a USB-TDC and IONTOF SurfaceLab 6.6
instrument control and analysis software.

The laser system consisted of three tunable Ti:Sa lasers
jointly pumped by a single frequency-doubled Nd:YAG laser
(Photonics Industries International Inc., Grobenzell,
Germany, model DM532-60) at 532 nm, with 45 W of total
output power at 10 kHz. The TOF-SIMS instrument and the
laser system were synchronized by feeding the TOF-SIMS
master timing signal into a pulse generator (BNC, San
Rafael, USA, model 577). This device generated the trigger
signal for the laser system which allowed for a variable delay
of'the laser pulses with reference to the TOF-SIMS duty cycle.
Laser wavelengths were monitored using an LM007
Wavemeter (ATOS). The laser system was described in great-
er detail in previous publications [31, 32].

The excitation schemes for resonant ionization used in this
work are presented in Fig. 2 [33]. The laser light was trans-
mitted to the TOF-SIMS instrument via an optical fiber and
introduced into the photon-SN interaction region through a CF
viewport. A telescope on a S-axis translation and rotation
stage was used for focusing and positioning the beam directly
under the extraction electrode of the TOF-SIMS. The use of an
optical fiber allowed for reproducible beam positioning, but
limited the minimum focus diameter to approximately 1 mm
due to the beam divergence at the end of the fiber. During
standard SIMS operation, the distance between the sample
surface and the extraction electrode is 1.5 mm. This distance
was increased to 2.5 mm for both TOF-SIMS and Laser-
SNMS in order to prevent the diverging laser beam from hit-
ting the sample and sample holder. In addition, a newly de-
signed pedestal sample holder allowed for samples to be po-
sitioned and moved safely under the laser interaction volume.

Samples and preparation

Different samples were prepared and analyzed with TOF-
SIMS and Laser-SNMS to account for the various types of
materials encountered in the context of a long-term nuclear
waste repository. This approach considers influences from
conducting and non-conducting surfaces, as well as sample
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Fig. 1 Schematic illustration of
the laser secondary neutral mass
spectrometry (Laser-SNMS) set-
up: laser system and time-of-
flight secondary ion mass spec-
trometer (TOF-SIMS) 11

topography. The respective preparation methods are described
below. All samples were attached to the pedestal sample hold-
er using conducting double-sided adhesive carbon tape.

Conducting samples

Synthetic, electrodeposited sample

For the purpose of adapting and optimizing the measurement
parameters of the TOF-SIMS instrument for Laser-SNMS on
the conducting samples, >’Pu was electrodeposited as a 5-

Fig. 2 Excitation schemes for the
three-step resonant ionization of
239py (a) and 2**Pu (b) [33] from
the ground state (GS) using a first
and second excitation step (FES
and SES) and a Rydberg state
(RB) just below the ionization
potential (IP)
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mm diameter spot onto Ti filaments. For the electrolysis,
0.2 g/mL of aqueous (NH,4),SO4 electrolyte solution was
used, and a current of ~250 mA at 17 V was applied for

1.5 h. Under these conditions, Pu is deposited as a hydroxide.
An efficiency for the electrolysis of around 86% was deter-
mined via alpha-spectroscopy (partially depleted silicon de-
tector, CR-SNA-450-100, 450 mm?, 20 keV resolution at
5.486 MeV, Ortec, Germany) for a sample prepared with
10" atoms of 2*°Pu in the electrolyte solution. Assuming a
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homogeneous distribution of the Pu layer, the surface loading
of a sample can be estimated. The custom electrolysis setup is
described in detail in previous publications [32, 34].
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Semi-synthetic, topographic samples

The Fe(Il)-bearing mineral pyrite has been identified in previ-
ous sorption experiments as a redox-active component of
Opalinus Clay rock (OPA), that is involved in the reduction
and immobilization of Pu [3, 35]. Micrometer-sized pyrite
particles were extracted from calcite-saturated, aqueous sus-
pensions of OPA and manually sorted under a microscope.
The particles were then contacted for 4 days with 1 mL of a
239py(VI) solution (2 x 10> mol/L, pH 7.8) in OPA pore wa-
ter [36] saturated with calcite as a background electrolyte. All
experiments with wet chemistry were conducted under an ar-
gon atmosphere. Afterwards, the particles were extracted from
the solution and left to dry on filter paper and their morphol-
ogy and size characterized via scanning electron microscopy
(SEM, Philips XL 30). For TOF-SIMS and Laser-SNMS mea-
surements, the primary ion (PI) beam was rastered in sawtooth
movement over an area of 400 x 400 pm? which included the
particle at a resolution of 512 x 512 px and a PI current of
2 pA (LMIG) at a pulse width of 6.5 ns (TOF-SIMS) and
90 ns (Laser-SNMS) with 1 shot/px. The extraction delay
was set to 1.165 ps for SIMS and 1.650 ps for SNMS mode
with a total duty cycle of 100 ps.

Non-conducting samples
Synthetic, ceramic samples

In order to account for measurements on non-conducting ma-
terials encountered in the context of a nuclear waste reposito-
ry, e.g., clay rock and cementitious materials, specific opera-
tional parameters were determined for insulating surfaces.
Two microliters of a 2*’Pu solution (6 x 10™* mol/L in
6 mol/L HNO;) were applied in 20 nL droplets on smooth
glass—ceramic discs (Macor®, @ =7 mm, 1 mm thickness)
using a drop-on-demand inkjet printing system [37].

Semi-synthetic, non-topographic sample

An HCP sorption sample was produced using Portland cement
(OPC, CEM I, Dyckerhoff GmbH, Wiesbaden, Germany),
prepared according to DIN EN 196-3 and hardened in water
for at least 28 days. A thin section (9 mm x 7.5 mm) was
prepared, embedded in epoxy resin (EpoxiCure 2 Resin and
EpoxiCure 2 Hardener, Buehler, Lake Bluff, IL, USA), and
attached to a glass carrier plate (2 = 10 mm). The surface of
the thin section was conditioned in a custom sorption cell with
artificial cement pore water (ACW) [38] for 24 h. Afterwards,
it was contacted with 5 mL of 2**Pu(Il)-ACW solution
(2.13x 107> mol/L, pH 13) for 72 h under an argon atmo-
sphere. This concentration of Pu was well above the solubility
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limit, but additional experiments with the sample required an
excess of the analyte. After drying, around 10" atoms of
242py were detected on the surface of the thin section using
alpha-spectroscopy. TOF-SIMS and Laser-SNMS measure-
ments were conducted using the electron flood gun for charge
compensation and applying a surface potential of =140 V. The
HCP sample was rastered in random mode with a field-of-
view of 500 x 500 um? at a resolution 256 x 256 px with 10
shots/px at 2 pA PI current (LMIG) and a pulse width of
13.5 ns for TOF-SIMS and 150 ns for Laser-SNMS at
10 kHz repetition rate with no extraction delay in case of
TOF-SIMS and 1.550 ps for Laser-SNMS.

Results and discussion
Characterization of the Laser-SNMS setup
Settings for conductive and non-conductive samples

The initial adaptation of the system for Laser-SNMS, as well
as the laser beam and laser focus positioning and adjustment
of timing to retrieve a first resonant signal, was carried out
using a Gd foil, and the resonant excitation scheme for Gd
described in [27]. After a first resonant signal had been
achieved, the operational parameters were optimized for Pu.

Changes to the operational parameters of the instrument
included the LMIG %°Ga PI beam focus and position, as well
as the mass analyzer to account for the increased distance of
2.5 mm between the sample surface and the extraction elec-
trode and the different points of origin for secondary and laser
ions. The PI pulse width for Laser-SNMS measurements was
increased compared to 10 ns in TOF-SIMS mode in order to
produce more SNs in the laser interaction volume, which re-
sulted in an increase in photo ions, as displayed in Fig. S1 in
the Supplementary information (ESM). The timing sequence
of primary ion pulse, laser pulse, and laser ion extraction had
to be set up for Laser-SNMS operation. Timing schemes for
SIMS and Laser-SNMS are displayed in Fig. 3.

In standard SIMS mode, the extraction voltage is applied to
the extraction electrode before the PIs hit the sample surface.
All subsequently emitted secondary ions (SIs) are immediate-
ly accelerated into the mass analyzer, which results in high
transmission and increased mass resolution. The extraction
voltage is applied for approximately 10 ps. The application
of the extraction voltage can be delayed via the SurfaceLab
software. In SIMS mode, this is used to delay the extraction of
the secondary ions until they have drifted further away from
the sample surface. This compensates the distortion of the
equipotential lines of the extraction field due to sample topog-
raphy and the resulting loss of Sls. The principle of delayed
extraction was repurposed here for Laser-SNMS operation. In
Laser-SNMS mode, the extraction of laser ions is delayed
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Fig. 3 Timing schemes for non- a
delayed SIMS (a) and Laser-
SNMS (b) (not to scale)

b

Standard SIMS

Pl: 10 ns

t

e
| Flood Gun (optional)

Laser-SNMS

Laser: ~30 ns

PI: 100 ns

Flood Gun (optional)

Total duty cycle: 100 us

while a repelling voltage (extraction bias) is applied to the
extraction electrode, deflecting SIs from the mass analyzer’s
acceptance volume while the SNs drift freely into the laser
interaction volume. Afterwards, the approximately 30 ns laser
pulse is applied after disengaging the bias voltage. The SNs
are resonantly photoionized and accelerated into the mass an-
alyzer. The fine-tuning of the laser timings in relation to the
extraction of'ions is crucial, as displayed by the changes in the
239py signal intensity for a conducting sample in Fig. S2 (see
ESM). In case of our setup, a laser pulse within a few nano-
seconds of the extraction pulse resulted in the highest signal
intensity.

The development of new measurement settings for Laser-
SNMS described above was carried out for both the electro-
deposited 2*’Pu on Ti foil for conducting samples, and the
glass-ceramic discs for non-conducting samples, which were
then used for the analysis of the respective semi-synthetic
model system. In addition to adapting the operational param-
eters of the mass analyzer for insulating surfaces, electron
flooding using an electron flood gun was deployed for charge
compensation, and the raster mode of the LMIG was changed
from a sawtooth to a random pattern in order to prevent further
local charge buildup. Depending on the sample type, a delay
of the laser pulse of =150 to 0 ns in reference to the ion
extraction pulse of the mass analyzer was used for subsequent
Laser-SNMS measurements.

Table 1 Saturation

powers, Py, and applied Step Ps (mW) P, (mW)

powers, P,, for the three -

excitation steps of Pu First 0.08 +0.01 30
Second 149 +13 450
Tonizing 279 + 26 720
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Saturation powers

The saturation powers, Pg, presented in Table 1 were deter-
mined using an electrolysis sample with a surface load of
5.6 10° atoms per um?® of **Pu. The power of one laser
was varied while the other two lasers remained at full power.
Despite the third step not reaching saturation, the data were
fitted using an extended saturation curve given in Eq. 1 [39].
P, is the saturation power, A the maximum amplitude of the
curve, and I, describes the offset caused by the non-resonant
ionization generated by other steps, whereas the linear term
takes non-resonant ionization and broadening of the beam
with increasing laser power into account. Fits and curves are
presented in Fig. 4.

P/P,

=T +A —L5_
0 AT,

+m-P (1)

The measurements in this work were performed using
higher laser powers, P,, in order to maximize the ionization
yield. Due to the monoisotopic nature of the samples, satura-
tion broadening can be neglected. However, the first and sec-
ond excitation steps were attenuated to 30 mW and 450 mW,
respectively, to decrease non-resonant ionization and to im-
prove the signal-to-noise ratio. The laser for the ionizing step
was usually operated at a power of around 720 mW.

Efficiency of the Laser-SNMS setup

A proof of concept for Laser-SNMS on Pu was presented by
Erdmann et al. with the same TOF-SIMS III instrument used
in this work before the upgrade in 2009 [27]. Without
rastering the PI beam over the sample surface, which ensures
complete depletion of Pu in the affected area within a
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Ps = (0.08+0.01) mW
0.4 4

0.2
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Ps = (14.9%1.3) mW

0.4 4

norm. Counts 23°Pu

0.2 1

0.0 1

0 200 400 600 800

1.04C

0.8 1

061 P, = (279+26) mW

0.4 4

0.2 1

0.0 4

0 200 400 600 800
Laserpower / mW

Fig. 4 Saturation curves and fits for the first (a) and second (b) excitation
steps, the ionizing step (c), and the respective saturation powers, Py

reasonable time, an overall efficiency of >1077 was
established by Erdmann et al. for a sample with a surface load
of 3.5 x 107 atoms per um® of >**Pu and assuming a PI beam
focus diameter of 6 um. Repeating the same experiment twice
with the now upgraded setup for an electrodeposition of
7.89 x 10° atoms per um? of *°Pu resulted in an average
efficiency of (7.2 £ 0.8) x 10™*. In an additional measurement,
the PI beam was rastered over an area of 18 x 18 pm? of the
same sample, and an overall efficiency of (8.8 +0.3) x 10~
was obtained. This increase in efficiency by three orders of
magnitude compared to Erdmann et al. can be attributed to the
decreased distance between the extractor electrode and the
sample surface (now 2.5 mm compared to 7-8 mm) and the
extended optimization of the measurement parameters.

@ Springer

First application

To assess the capabilities of a combined approach of TOF-
SIMS and Laser-SNMS for the analysis of Pu in the context of
a long-term nuclear waste repository, two semi-synthetic
model systems were chosen. Pyrite particles present a very
challenging topography, but they can be measured without
charge compensation, whereas the HCP thin section has a
favorable flat surface but low or no conductivity. The mea-
surements presented here serve as a proof of concept with
regard to future experiments.

Figure 5 shows a section of the spectrum with 2*°Pu
contacted pyrite particle in SIMS mode and Laser-SNMS
mode. The loss of mass resolution for Laser-SNMS compared
to TOF-SIMS is due to an increased extraction delay by
485 ns and the nature of the ionization process. Whereas the
Sls are created on PI impact, the photoionization of the SNs
takes place in a volume above the sample. When extracted, the
increased spatial distribution of the photo ions compared to
the SIs results in peak broadening. The strength of Laser-
SNMS lies in the reduction of background and, therefore,
the increased signal-to-noise ratio by a factor of 15 for this
measurement. Detuning the first excitation step allows for
background measurements as well as confirmation that the
signal observed is indeed the analyte. But this high selectivity
also comes with a disadvantage: While with TOF-SIMS it is
possible to detect 2*’Pu*, 2?PuO*, and **’Pu0,* as well as
their respective hydrides, this analytical flexibility is lost for
Laser-SNMS due to the nature of the ionization process that
requires 2>°Pu’. Here, only >**Pu™ and non-resonantly ionized
239puO* are observed. In fact, while TOF-SIMS can detect all
components on the sample surface, resonant Laser-SNMS is
limited to a single analyte without changing the excitation
wavelengths. Furthermore, as Pu is expected to be present as
hydroxo species, the majority of the analyte might be
sputtered as PuO or PuO, and, therefore, not detected using
photoionization, as has been demonstrated for uranium [40].
This might also play a role when looking at the differences in
the mass images obtained for Pu via TOF-SIMS and Laser-
SNMS for the two semi-synthetic model systems. Figures 6
and 7 display the lateral distributions of Pu obtained from
TOF-SIMS and Laser-SNMS measurements as well as the
total ion distribution in SIMS mode and the SEM images of
an area of the HCP thin section and a pyrite particle, respec-
tively. For both samples, SIMS and Laser-SNMS showed a
similar distribution of Pu on the sample surface. Areas of
increased signal intensity can be identified in both SIMS and
Laser-SNMS images, but a significant loss in signal intensity
is observed for Laser-SNMS compared to SIMS which can be
explained by the aforementioned lack of secondary neutral Pu
for photoionization. This results in longer data acquisition
times or an insufficient signal for the analysis of the lateral
distribution.
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Fig. 5 Sections of spectra
obtained in SIMS mode (a) and
Laser-SNMS mode (b) showing
the 2*°Pu signal of a contacted
pyrite particle. The SIMS spec-
trum shows signals for 239y,
239py0, and even 23gPuOZ, as
well as their respective hydrides,

ey
o
N

Counts / a.u.

— SIMS
239p0, +

239pyO,H +

while the Laser-SNMS spectrum 10°
only features resonantly excited
239Py and non-resonant 2*’Pu0Q.

220 225 230 235 240 245

250 255 260 265 270 275 280 285 290

Binning increment of 0.1 for both
aandb

104 b

Counts / a.u.
=
o
9
.

220 225 230 235 240 245

Additional differences observed in the mappings might be
caused by isobaric interferences present in the SIMS measure-
ment, as well as the influence of the chemical environment on
the sputter yield, the so-called matrix effect, which was hoped
to be reduced for Laser-SNMS [41], but studies have shown
that it cannot be eliminated [40, 42, 43]. While no influence of

Fig. 6 Total secondary ion image
(a) and SEM image (b) of a
section of the non-conducting
HCP sorption sample after con-
tact with >**Pu(III) solution.
Spatial distribution of ***Pu in
SIMS (¢) and Laser-SNMS mode
(d). The green square in b repre-
sents the area scanned in TOF-
SIMS and Laser-SNMS
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239py +

—— Laser-SNMS
239py0 +
'Hgl [ hvaly
250 255 260 265 270 275 280 285 290

m/Z

topography was observed in TOF-SIMS mass mappings for
the flat HCP thin section (Fig. 6 and ESM Fig. S3), in case of
the pyrite particle (Fig. 7 and ESM Fig. S4), the signal might
also be disturbed by the strong topography, which is a known
challenge for TOF-SIMS [11, 44], and it has also been ob-
served for Laser-SNMS [45]. Local extraction field distortions
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Fig. 7 Total secondary ion image
(a) and SEM image (b) of a pyrite
particle extracted from Opalinus
Clay rock and contacted with
239Pu(VI) solution. Spatial
distribution of *°Pu in SIMS (c)
and Laser-SNMS mode (d). The
mass images have been binned by
a factor of 4

caused by a non-flat surface hinder homogenous ion extrac-
tion from the observed area. The TOF-SIMS mappings for a
selection of elements of the pyrite particle presented in ESM
Fig. S4 display such a dependency of the ion signal on the
geometry of the sample. Nevertheless, since sputtered neutrals
get photoionized in a volume above the sample and not on its
surface, the effect should be greatly reduced in Laser-SNMS
mode.

To evaluate geochemical interactions between Pu and ma-
terials encountered in a nuclear waste repository in future ex-
periments, we propose a combined approach using the analyt-
ical flexibility of TOF-SIMS to identify components of the
material’s surface and the high sensitivity and selectivity of
Laser-SNMS. Despite all challenges, Laser-SNMS allows for
highly selective detection of Pu on the sample surface and,
therefore, enhances the analytical capabilities of TOF-SIMS.

Despite that no correlation between surface materials and
Pu in both semi-synthetic samples presented in this study has
been observed, possibly due to the still relatively high concen-
trations of Pu used in the sample preparations, the combina-
tion of TOF-SIMS and Laser-SNMS offers a new and prom-
ising tool for nuclear safety research. Both methods do not
require a large facility and can be used without extensive
sample preparation in rapid succession by simply loading dif-
ferent operational parameters for the instrument. In addition,
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the specimen is still accessible for analysis by other means.
Despite the material surface being slowly damaged by the PI
beam during the measurement, this is limited to the field of
view and can be reduced to a minimum.

Conclusion

In this work, a system for resonant Laser-SNMS based on a
commercial TOF-SIMS 1II instrument combined with three
tunable Ti:Sa lasers for resonant photoionization was present-
ed. Measurement settings were developed for the analysis of
both conducting and non-conducting samples in contact with
Pu, and significant improvements in the overall efficiency of
the setup were made compared to the original proof of con-
cept. Laser-SNMS was used for the analysis of model systems
aimed to gain insight into the complex geochemistry expected
in a long-term nuclear waste repository. The resonant Laser-
SNMS allowed for significant background suppression and an
improved signal-to-noise ratio, improving the identification of
Pu even in the presence of isobaric interferences. However,
challenges regarding the sputter rate of atomic Pu from the
presented samples were identified and require further study.
Future studies might include the analysis of diffusion samples,
retrieving the diffusion parameters necessary for modeling
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migration processes in a long-term nuclear waste repository, or
the simultaneous measurement of different radionuclides pres-
ent in one sample. Since multi-step resonant excitation schemes
are already available for other elements and isotopes, the meth-
od can easily be transferred to other radionuclides, such as Np
[39], Tc [32], or U [46], contributing to the radiotoxicity present
in a nuclear waste repository. In conclusion, the combined ap-
proach of TOF-SIMS and resonant Laser-SNMS offers a prom-
ising tool for nuclear safety research.
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ARTICLE INFO ABSTRACT

Editor - Xavier Gaona The capability of the combined approach of time-of-flight secondary ion mass spectrometry (TOF-SIMS) and

resonant laser secondary neutral mass spectrometry (rL-SNMS) for the analysis of diffusion samples of 2*?Pu in

Keywords:

Ni);vlvear waste Opalinus Clay (OPA) under aerobic conditions was investigated at the micrometer scale. The speciation of Pu in
Plutonium the diffusion reservoir with OPA pore water (pH 7.6) was determined as PuO} using capillary electrophoresis
Diffusion coupled to inductively coupled plasma mass spectrometry (CE-ICP-MS). Using modern 3D printing techniques,

Opalinus Clay
Resonant laser ionization

a simple and easily scalable experimental setup was developed and adapted to the requirements of TOF-
SIMS and rL-SNMS. Together, these techniques allowed for the observation of the pristine diffusion profile

TOF-SIMS of Pu while retaining information about the heterogeneous clay rock. For the experiment with 35 days
Z:I;ESII:PMISVIS of in-diffusion, the modeling of an averaged diffusion profile of approximately 300pm length resulted in

D, = 3.2(4)x 107" m?s~!. TOF-SIMS and rL-SNMS mappings showed heterogeneous distributions of Pu inside
the clay rock and correlations with the matrix elements Fe and Ca, pointing to pyrite and a cementing calcite

phase as reactive mineral phases.

1. Introduction

Due to the long half-life of its isotopes, their high radiotoxicity and
vast aqueous chemistry with multiple oxidation states possibly present
at the same time, the trans-uranium element plutonium (Pu) is of
major interest for the safety case for nuclear waste storage of high-level
radioactive waste (HLW) (Geckeis et al., 2019). Many countries with
a current or former nuclear energy program plan for the safekeeping
of HLW in a deep geological repository (DGR) using a multi-barrier
concept with a combination of (geo-)technical and geological barriers.
The latter is of particular significance since the man-made measures are
not expected to last for the total storage time required for HLW of up
to one million years (Bundesgesetzblatt, 2017). Since no experimental
data for a potential construction site of a DGR under investigation can
be obtained over such a long period, the safety case then rests on mod-
els that are predicting the behaviour of the radioactive inventory and
its interactions with the different barrier components using parameters
retrieved in laboratory experiments. It is therefore vital to study the
(geo-)chemical interactions of radionuclides as closely as possible and
gain an in-depth knowledge about the underlying processes. Possible
host-rock formations considered due to their unique favourable proper-
ties for a DGR are rock salt, crystalline and clay rocks. Many European
countries are researching or already planning to build their DGR in
clay rock (Preter, 2023; Andra, 2022; Nagra, 2022), for which, among

* Corresponding authors.

others, Opalinus Clay (OPA) is a potential candidate. OPA and other
clay rocks in general provide reducing conditions which are considered
favourable for fission products and actinides such as Pu since their
reduced species show less mobility (Churakov et al., 2020). However,
still many questions remain concerning the stability of the reducing
environment, the kinetics and the redox active components, i.e. the
minerals (Maes et al., 2024). For this reason, the chemical interactions
of various radionuclides and OPA have already been the subject of
extensive research efforts in a wide variety of experiments (Wu et al.,
2009; Joseph et al., 2013; Montavon et al., 2022). The insights and
parameters retrieved for sorption and migration are usually averaged
over the bulk material: for example, distribution coefficients are regu-
larly obtained from batch sorption experiments with OPA suspensions.
Samples from diffusion studies are often analyzed via abrasive peel-
ing (Van Loon and Miiller, 2014). Therefore, any information about
the exact processes and various mineral phases possibly involved in
the retention of a radionuclide, i.e. the microstructure, is lost. A spa-
tially resolved approach would allow to gain further insight into the
underlying processes.

Time-of-flight secondary-ion mass spectrometry (TOF-SIMS) is a
technique for the spatially resolved analysis of surfaces at the microme-
ter or even nanometer scale: a pulsed primary ion (PI) beam is scanned
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over the sample, creating secondary ions (SIs) which are subsequently
analyzed by their mass-to-charge ratio (m/z) in a TOF-MS. This way, a
full mass spectrum is retrieved for every position sampled. By compar-
ing the relative intensities of a mass peak for the various positions, the
qualitative distribution of said mass on the sample’s surface is mapped,
which allows for conclusions about the surface’s composition. One
major drawback of TOF-SIMS is the possibility of isobaric interferences,
especially if the concentration of analyte is as low as in the far-field
of a DGR. Resonance ionization mass spectrometry (RIMS) is a highly
sensitive and selective analytical technique that is able to address this
shortcoming. Here, atomic species are photo-ionized via laser light in
a multi-step excitation scheme, using the unique electronic structure of
every element. Isotopes are then usually separated in a mass analyzer.
Depending on the element and the excitation scheme, the selectivity
can be further enhanced by tuning the lasers according to the optical
isotope shift, i.e. small differences in the electronic level energies due
to the variations in the structure of the nucleus and its interactions
with the electrons. During the sputter process in the TOF-SIMS, only
a fraction of the sample material is released as SIs. A lot of material
is sputtered as secondary neutrals (SNs) which are usually lost for
analysis (Benninghoven et al., 1993). By combining TOF-SIMS and
RIMS to resonant laser secondary neutral mass spectrometry (rL-SNMS),
these SNs become available for analysis and allow for confirmation that
the signal observed is indeed the element in question since it is possible
to record the background in rL-SNMS by tuning the lasers off resonance,
which is not possible with TOF-SIMS (Bosco et al., 2021; Schénenbach
et al., 2021; Raiwa et al., 2022; van Eerten et al., 2023). It is important
to note that neither TOF-SIMS nor rL-SNMS can directly quantify an
analyte without an externally calibrated standard with the exact same
sample matrix as reference. Without such a reference material only
qualitative comparisons can be made.

In this work, TOF-SIMS and rL-SNMS were applied for the study of
the diffusion of Pu in OPA for the first time. The goal was to showcase
and evaluate the capability of the combination of both methods to
retrieve the diffusion profile of Pu while at the same time preserving
the sample matrix and observing the geochemical interactions of the
radionuclide with the various mineral phases present in OPA at the
micrometer scale. To achieve this, a new workflow for simple and
fast diffusion sample preparation tailored to TOF-SIMS and rL-SNMS
was developed. For further insight into the complex redox chemistry
behaviour of Pu, its oxidation state in the OPA pore water diffusion
reservoir was analyzed using capillary electrophoresis coupled to an
inductively coupled plasma mass spectrometer (CE-ICP-MS).

2. Materials and methods
2.1. Sample preparation

Cylindrical samples of aerobic OPA (2 = 5mm, L ~15 mm) were CNC
milled dry from larger chunks of bulk OPA (D25 (L11), Mont Terri Rock
Laboratory, St-Ursanne, Switzerland) under atmospheric conditions. All
further sample preparations were conducted in a fume hood open to
ambient air. The cylinders were embedded into custom PMMA sample
holders using a slow curing epoxy resin (EpoxiCure™ 2, Buehler, Lake
Bluff, Illinois, USA) with the natural bedding of the OPA perpendicular
to the in-diffusion contact surface (compare Fig. 1 a & b) and placed in
contact with artificial aerobic OPA pore water (OPA-PW) with an ionic
strength of approximately 0.39 mol L~! prepared after Pearson (1998) to
re-saturate the material and allow it to swell (for the exact composition
compare supporting information Table S1). To note, in this step the
samples were not hung in the reservoir with the contact surface facing
down, but laid on their long side to avoid air entrapment.

After a minimum contact time of 10d, the contact surface was wet-
sanded flat. The OPA samples were then stored in OPA-PW until use for
an experiment. No alterations were observed even after three months.
The 2*?Pu(VI) stock solution was prepared by evaporating a 242py
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Fig. 1. a Schematic of diffusion sample in contact with the pore water solution
containing 2*>Pu. b View of the contact surface of a notched diffusion sample. The
red line indicates the natural bedding of the OPA along which the sample is then split
to allow access to the diffusion profile. ¢ Top view of a split diffusion core mounted
on a TOF-SIMS sample holder via carbon tape (red square). The Pu diffused into the
material from the right edge of the sample and was observed via TOF-SIMS and rL-
SNMS.

solution three times with 5mL of 1 molL~! HCIO, under heat until
near dryness before the residue was picked up in 3mL of 1 molL"!
HClO,. The Pu oxidation state was then confirmed via UV-VIS (TIDAS
100, J & M Analytik AG, Germany). The concentration of the 242py (VD)
stock solution (1.4(8)x 103 mol L~!) was calculated from the absorption
band for Pu(VI) at 830 nm using the molar decadic extinction coefficient
e = 555Lmol™' ecm~! (Clark et al., 2008). An aliquot of the freshly
prepared stock solution was then added to 50 mL of OPA-PW (pH 7.7(1),
Eh = 650(10)mV (SHE)) to achieve a concentration of 5 x 10~% mol L~!
242py(VD) in a standard laboratory flask (100mL laboratory bottle,
narrow neck, with screw cap, VWR International, Leuven, Belgium).
An aliquot of 100pL of a 1.5molL~! NaNj solution was added to the
reservoir to prevent bacterial or algae growth. The pH was measured
using an inoLab© pH 720 meter (WTW®© a Xylem brand, Weilheim,
Germany) and an SI Analytics™ BlueLine 16 pH micro-electrode (SI
Analytics™ a Xylem brand, Mainz, Germany) filled with 3mol L~! NaCl
solution. The pH meter was calibrated using buffer solutions at pH 6.87
(Schott Instruments, L4790) and pH 9.18 (Certipur®, Merck KGaA,
Darmstadt, Germany). For Eh measurements a Pt ring electrode with
3molL~! KCl (6.0451.100, METROHM Prozessanalytik GmbH & Co.
KG, Filderstadt, Germany) was used. The electrode was tested using a
redox buffer solution (Eh = 640 mV (SHE), SI Anlytics™a Xylem brand,
Mainz, Germany). The 242py concentration in the OPA-PW was mon-
itored via liquid scintillation counting (LSC; HIDEX 300SL, Hidex Oy,
Turku, Finland; cocktail: ULTIMA GOLD™ XR, revvity Germany GmbH,
Hamburg, Germany) for the duration of the experiment. The reservoir
was sampled for LSC measurements in aliquots of 10 uL (until day 17)
and 20 pL (until day 35) of the experiment. After an equilibration time
of about seven days, when the Pu concentration and pH were constant,
five OPA samples were placed into the solution for up to 35d under
aerobic conditions using a custom designed 3D printed insert out of
polylactic acid (PLA) (see SI Figure S1). The diffusion cores were taken
out of the reservoir after 21, 25, 28 (2 samples) and 35 d, respectively,
of which four samples (one for each time interval) were analyzed via
TOF-SIMS and rL-SNMS. The samples were directly split by notching
the PMMA sample holder parallel to the natural OPA bedding with a
saw and applying as little force as possible with a scalpel to split the
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OPA core (see Fig. 1 b). This allowed for access to a pristine surface
unaltered by saw marks and with relatively low topography which is
favourable for both TOF-SIMS and rL-SNMS (see Fig. 1 ¢). The samples
were then dried for a minimum of one day in a glove box under Ar
atmosphere before being transferred into the TOF-SIMS instrument.

2.2. TOF-SIMS and rL-SNMS

The TOF-SIMS instrument used in this work is a commercial TOF-
SIMS III (iontof GmbH, Miinster, Germany) with the controls up-
graded to TOF-SIMS V level including a USB-TDC as well as the
iontof Surface Lab 6.6 control and analysis software. The custom
titanium:sapphire (Ti:sa) laser system consists of three tunable Ti:sa
lasers jointly pumped with circa 45 W at 10kHz by a frequency-doubled
neodymium:yttrium aluminum garnet (Nd:yag) laser (DM532-60,
Nexlase GmbH, Grobenzell, Germany). TOF-SIMS and laser system
timings were synchronized for rL-SNMS measurements via a frequency
generator (modell 577, BNC, San Rafael, USA). The wavelength of the
lasers was monitored quasi-simultaneously by a wavemeter equipped
with a switch (WS6-200, Highfinesse, Tiibingen, Germany). The laser
light was transported to the TOF-SIMS via a multi-mode optical fiber
and introduced into the analysis chamber via a view port. The setup has
been described in more detail in a previous publication (Schénenbach
et al., 2021). The samples were attached via carbon tape to a sample
holder and transferred into the TOF-SIMS. The vacuum was <1 X
10~7 mbar during measurements. For TOF-SIMS the field of view (FOV)
of 500 pm X 500 pm was scanned 50 times with 5122 px resolution with
one PI shot per pixel. For rL-SNMS the same FOV was scanned 20 times
with 2562 px resolution and ten PI shots per pixel. For the first diffusion
sample extracted after 21d, four non-overlapping FOV were recorded,
but only one showed sufficient Pu signal to measure rL-SNMS. For
the second sample (25d) five FOVs, for the third sample (28d) seven
FOVs and for the fourth sample after 35d, six FOVs were analyzed.
For the resonant photo-ionization the three step scheme by Griining
et al. (2004) was used. Laser powers were measured (PowerMax©
model PM3 with Fieldmate powermeter, Coherent GmbH, Gottingen,
Germany) directly after the fiber before the view port of the TOF-
SIMS and were usually around 40 mW for the first excitation step (FES),
approximately 400 mW for the second excitation step (SES) and 650 mW
for the ionizing step (IS).

2.3. CE-ICP-MS

The electrophoresis measurements to determine the oxidation state
of Pu in aerobic OPA-PW were conducted using an Agilent 7100
CE (Agilent Technologies Deutschland GmbH, Waldbronn, Germany)
coupled to an Agilent 7900 ICP-MS (Agilent Technologies Deutsch-
land GmbH, Waldbronn, Germany). The CE apparatus was coupled
to the ICP-MS using a MiraMist CE nebulizer (Burgener Research,
Mississauga, Canada) and a Scott-type spray chamber (AHS Analy-
sentechnik, Tiibingen, Germany). A fused silica capillary with 50 pm
inner diameter and 50cm length was used (Polymicro Technologies,
Phoenix, Arizona, USA). A voltage of 10kV was applied to the capillary.
The setup and measurement procedure have been described in detail
in a previous publication (Willberger et al., 2019). To determine the
oxidation state, aliquots of the OPA-PW solution with 2*?Pu were
spiked with 2-bromopropane as electroosmotic flow (EOF) marker. In
addition, samples of 2’Np(V) in OPA-PW (ca. 1 x 10~ molL™!) were
prepared the same way and analyzed via CE-ICP-MS for comparison.
The electrophoretic mobility y, was calculated from the retention times
of the analyte (+) and the EOF marker (r;o;) as well as the length
of the capillary (L) and the applied voltage (U) according to Eq.
(1) (Willberger et al., 2019):

L (1 1 m?
== . (2-—), =, 1
He=7 (r IEOF) L] V-s )
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Fig. 2. Concentration of 242py monitored by LSC in the reservoir (V = 50mL) for
the duration of the diffusion experiment and the measured pH. To ensure a stable Pu
concentration in the reservoir, a measurement was performed before the addition of
the diffusion cores and the start of the experiment indicated by the blue dashed line. A
reduction of Pu concentration in solution by a factor of 4 is observed 35d after starting
the experiment with most of the decrease happening within 21d of in-diffusion. The pH
of the OPA-PW solution was at around 7.6 for the whole duration of the experiment.
Four diffusion samples were analyzed after 21, 25, 28 and 35 days of contact time,
respectively, via TOF-SIMS and rL-SNMS.

3. Results and discussion
3.1. Analysis of the OPA-PW diffusion reservoir

As shown in Fig. 2, immediately after inserting the OPA diffusion
samples, the 2*2Pu concentration of the reservoir decreased and stabi-
lized after approximately 21 d, indicating an initial high uptake of Pu by
the samples. The pH of the reservoir solution remained nearly constant
for the whole duration of the experiment, with only a slight drop of 0.1
PH units 3d into the experiment.

The trend is comparable to previous diffusion experiments with
Np(V) and OPA (Wu et al., 2009; Frohlich et al., 2013). The Eh of the
solution reduced from initially 650(10) mV to 480(20) mV (SHE) after 35
days. Figure 3 displays the Pourbaix diagram for the system presented
here, including the two Eh measurements at the beginning (orange)
and after the end of the experiment (blue). Since this experiment was
conducted under oxidizing conditions, the values are higher than in the
reducing conditions in the host rock: Field measurements in different
OPA boreholes in Mont Terri resulted in Eh values between —120mV
to 140 mV (SHE) (Pearson et al., 2003).

The theoretical calculation for the diffusion system suggests that in
the beginning the majority of Pu was present as PuO;(aq) but with
the change of the Eh Pu(OH),(aq) should be the dominating species. In
order to evaluate the oxidation state of Pu in the reservoir at the end of
the experiment, CE-ICP-MS measurements of an aliquot of the reservoir
OPA-PW solution were performed. Figure 4 shows the electrophoretic
mobility determined via CE-ICP-MS for ?*?Pu and 2*’Np in OPA-PW,
with the sample for 2*?Pu taken from the diffusion reservoir used in
this study after the experiment had ended. Both isotopes are displaying
the same positive y,, suggesting that they are present in OPA-PW as
similar chemical species, despite having different initial oxidation states
(>*2pu: VI and ?*’Np: V) when they were added initially to OPA-PW
under aerobic conditions.

Since Np is stable as NpO}r (aq) under these conditions, this suggests
that Pu is present as PuOZ’(aq) in the reservoir solution. As mentioned
above, the Pourbaix diagram for the system suggests as well that under
the initial conditions of the contact solution (pH 7.7(1), Eh = 650(10) mV
(SHE)) the majority of Pu should be Pu(V). However, the theoretical
calculations would predict Pu(IV) to be the dominating species for the
Eh = 480(20)mV measured after finishing the diffusion experiment,
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Fig. 3. Pourbaix diagram of 4 X 10" molL~! Pu in OPA-PW under aerobic conditions.
Calculated using The Geochemist’s Workbench® 2023 Community Edition, Release
17.0.3 and the Thermochimie Database v12a (Giffaut et al., 2014). Composition of
OPA-PW according to Pearson (1998) without Sr. A concentration of 420 ppm CO, in
the atmosphere was assumed. Mineral phases were suppressed since no precipitation
was observed during the experiment. The Eh and pH measured in the 2*?Pu containing
OPA-PW contact solution before the start of the experiment (pH 7.7(1), Eh = 650(10) mV
(SHE)) and at the end of the experiment (pH 7.6(1), Eh = 480(20)mV (SHE)) after 35
days are shown in orange and blue, respectively.
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Fig. 4. Comparison of the electrophoretic mobilities (4,) of **’Np (initial ox. state
V) and 2*?Pu (initial ox. state VI) in OPA-PW at pH 7.6(1), Eh = 480(20)mV (SHE).
Since Pu is displaying the same u, as Np(V) which is stable as NpO;(aq) under these
conditions, it follows that also Pu exists as PuO;’(aq) in the OPA-PW reservoir.

but Pu(IV) was not detected in the CE-ICP-MS measurement. Possible
explanations include the decreased solubility of Pu(OH), compared to
PuOEr for pH 7.6(1) (Neck et al., 2007) below the detection limit of
the CE-ICP-MS system or increased sorption of Pu(IV) to the sample or
reservoir surfaces since no precipitation was observed either by visual
inspection or in the CE-ICP-MS measurements. CE-ICP-MS is sensitive
to the presence of colloids or precipitation and no centrifugation of the
sample was necessary to obtain an analyte signal free of interferences.
Our result suggests that Pu(VI) was reduced to Pu(V) in OPA-PW in
the experiment’s reservoir under aerobic conditions at pH 7.6 and
was present predominantly as PuO;r. A recent study by Kaplan et al.
(2024) on Pu(V) diffusion in OPA using X-ray absorption fine structure
spectroscopy (XAFS) showed that Pu(V) was subsequently reduced to
the less mobile oxidation and stronger sorbing state Pu(IV) inside the
clay rock with the relative amount of Pu(V) decreasing with increasing

Applied Geochemistry 183 (2025) 106332

t sims
+  rL-SNMS

o o = =
o © 1) [N]
L s L N

o
IS
L

normalized intensity

o
)
)

ool

diffusion distance / um

Fig. 5. Diffusion profiles extracted from the distributions of Pu obtained via TOF-SIMS
(the sum of >*?Pu* and 2*?Pu0*) and rL-SNMS (Pu") in Fig. 6 for a single FOV with
500 pm X 500 pm. The profiles were obtained by summing up the signal intensity in each
row along the direction of the diffusion in the distribution for the respective masses.
Both profiles show intensity spikes which are the result of areas with increased intensity
in the Pu distributions. The data has been binned with a binning increment of two.
Error bars are calculated as ¢ = \/N with N the number of events detected.

diffusion depth. At this point, further studies via CE-ICP-MS are neces-
sary to determine the kinetics of the formation of Pu(V) from Pu(VI)
and the role of Pu(IV) in the OPA-PW reservoir solution.

3.2. TOF-SIMS and rL-SNMS measurements of the Pu diffusion profile

During analysis, no significant differences between the first three
samples removed from the reservoir after 21 d, 24 d and 28 d with regard
to diffusion depth and distribution of Pu were observed. Therefore, the
discussion is focused on the two samples in contact with Pu for 21 d and
35d, respectively.

Figure 5 shows the Pu diffusion profiles retrieved via TOF-SIMS and
rL-SNMS for a single FOV with 500 pm x 500 pm from the first sample
extracted after 21d of contact time. The profile is generated from
the respective distribution image for Pu shown in Fig. 6 by summing
the intensity of each row parallel to the sample interface, thereby
constructing the profile along the diffusion direction into the sample.

Both TOF-SIMS and rL-SNMS profiles show that more 24?Pu is
located near the interface of solution and OPA and the overall signal
decreases with increasing depth. 242Pu migrated approximately 280 um
into the sample within 21 d, which is comparable to the literature (Ka-
plan et al.,, 2024). However, the diffusion profiles include spikes in
the signal which have not been reported from comparable experiments
using abrasive methods.

Figure 6 displays the total ion image and Ca* distribution for a
500 pmx 500 pm area at the interface of the OPA sample and the contact
solution indicated by the dashed white line as well the distribution
of Pu observed via TOF-SIMS and rL-SNMS from which the profiles
in Fig. 5 were generated. The total ion image gives a general idea of
the topography and microstructure of the sample. Although the sample
was split parallel to its natural bedding, it still displays differences
in height, with lower areas showing a reduced signal and therefore
topographic interferences of the signal cannot be fully excluded and
need to be taken into account. As already established in the description
of the profile, both TOF-SIMS and rL-SNMS show a higher abundance
of Pu towards the edge of the sample and interface with the OPA-PW
indicated by the dashed white line (see Fig. 6) as well as a decrease
in signal with increasing diffusion depth. But, similar to Ca™, Pu has
a heterogeneous distribution in contrast to other elements such as Si
or K (see SI Figure S2) and shows areas of high intensity or ‘hot spots’,
that cannot be explained by the topography and which are the origin of
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Fig. 6. Total ion image (top left) and Ca* (m/z = 40u, top right), as well as the distributions of Pu™ plus PuO* (m/z = 242u and 258u, bottom left) observed via TOF-SIMS
compared to Pu" detected by rL-SNMS (m/z = 242u, bottom right) in a 500 um x 500 pm measured window on an OPA diffusion core in contact after 21d. The white dashed
line indicates the interface of the sample and the 2*?Pu spiked OPA-PW solution. The direction of diffusion is parallel to the y-axis. TOF-SIMS was measured with 5122 px
resolution, rL-SNMS with 2562 px. The rL-SNMS signal for Pu is significantly smaller than the sum of Pu and PuO" for a comparable measurement time, suggesting the resonant
photo-ionization of Pu is less efficient. Nevertheless, a resonant signal is observed. Additional matrix element distributions observed by TOF-SIMS can be found in SI Figure S2.

the deviations from a smooth diffusion profile observed in Fig. 5. Addi-
tionally, in some areas of high Ca™ intensity, that can be attributed to
calcite when looking at the microstructure visible in the total ion image,
the Pu signal is reduced. In general, both TOF-SIMS and rL-SNMS show
the same distribution, but the total ion signal for 2*>Pu™ detected by
rL-SNMS is lower compared to TOF-SIMS. First, this can be explained
that using TOF-SIMS 2*?Pu® and 24?PuO™ can be observed, whereas
for rL-SNMS only 24Pu* is detected. Second, with the current laser
setup no signal saturation is reached in the IS, resulting in only partial
ionization of available ions (Schonenbach et al., 2021). In addition,
only Pu sputtered as neutral species is available for being resonantly
ionized from the ground state, so a possible explanation would also be
that the percentage of sputtered neutrals might be reduced for this type
of matrix. Here, further investigations are necessary. However, despite
the lower intensity, rL-SNMS allows in its current development state
to confirm the distribution retrieved via TOF-SIMS and gives a direct
method to attribute the signal for m/z = 242u to 2*?pu*.

Figure 7 (top right) shows the Pu distribution observed via TOF-
SIMS in a representative FOV for the fourth diffusion sample extracted
after 35d of being in contact with the 24’Pu containing reservoir
solution.

Also here, the diffusion profile (see SI Figure S4) and the distri-
bution image indicate similar areas of increased 2*?Pu signal that are
not explained by the topography shown in the total ion image. Upon
comparison with other elements, a correlation between the Pu*, PuO™,
Fe' and Ca™ for the ‘hot spots’ is observed (Fig. 7 bottom). To note,
in some areas for Ca* an anti-correlation with Pu as discussed for the
previous sample (Fig. 6) can also be identified. These observations are
also confirmed by scatter plots Fig. 8 of the normalized intensities for
Fe', Ca® and the sum of Pu™ and PuO™ for the magnified FOVs shown
in Fig. 7, bottom row.

The intensity for the combined Pu signal of Put and PuO" is
correlated with Fe* (compare Fig. 8 a). Also for the intensity of the
Ca* signal there is a correlation with Pu, but an increased signal of
Ca' does not lead to an increase in Pu (Fig. 8 b). The scatter plot for
the signal intensity of Fe' and Ca™ (Fig. 8 c) also suggests an influence
on the Fe' signal by the presence of Ca*. However, also here a high
Ca* intensity does not cause a high Fe* signal. As mentioned before
this confirms the observation of areas with a high Ca* intensity in the
mapping shown in Fig. 7 that have no co-localization with Pu or Fe.

For the areas with a positive correlation, an isobaric interference be-
tween CaO™ and Fe™ was excluded by comparing the ratio 54Fe*/>°Fe*
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Table 1

S4p+ ,56pat : 4 PP
Fe™/°°Fe™ ratios observed for the ‘hot spots’ in Fig.

7. The ratio agrees with the literature and therefore

it is unlikely that isobaric interferences of CaO"* are

observed on mass 56 u.

Position no. 5Fe’ />Fe*
1 0.063(5)

2 0.071(17)

3 0.061(11)

4 0.066(12)

5 0.062(9)

De Laeter et al. (2003) 0.0637(11)

for the positions 1-5 (compare Fig. 7 bottom) on the sample’s surface
that is in excellent agreement with the literature value 0.0637(11) (De
Laeter et al., 2003) (see Table 1) for the natural isotopic ratio of S4pet
and °Fet.

At this point of the method development and due to instrumental
limitations, it is not possible to identify the mineral phases involved
via TOF-SIMS and rL-SNMS. Fe bearing minerals in OPA include for
example siderite, illite and pyrite. The mineral pyrite (FeS,) has already
been indicated in literature as one potential mineral phase of OPA that
is involved in the retention of radionuclides (Frohlich et al., 2012;
Reich et al., 2016; Kaplan et al., 2017). Pyrite is present in clay
rocks as sub-mm-sized aggregates (Greer, 1978; Wang et al., 2013)
associated with a cementitious calcite phase (Lerouge et al., 2014;
Breckheimer et al., 2023), which could explain the observed correlation
with Ca'. Unfortunately, due to the isobaric interference of 0; on
mass 32u and an increased background on non-conducting samples,
it was not possible to detect 32S or other isotopes of S in negative
ion mode TOF-SIMS. Furthermore, the influence of the so-called matrix
effect, i.e. changes in the sputter rate of the different elements due to
the chemical surrounding, cannot be excluded. Additional information
from other chemical imaging techniques such as y-XRD or u-XRF could
provide answers in the future. This is also true for the oxidation state
of the Fe in the iron bearing mineral. Due to the aerobic nature of the
OPA sample and the experiment, at least partial oxidation and therefore
changes in the redox behaviour, especially towards the interface of the
sample, have to be assumed. Here, XANES and XRD measurements at
a synchrotron facility could provide further insights. In general, no
differences in the distribution of Pu were observed between the two
samples (21d and 35d of contact time with Pu, respectively) discussed



F. Berg et al.

OPA
diffusion
core

5mm
— |

Applied Geochemistry 183 (2025) 106332

high

Fig. 7. Total ion image and Pu® plus PuO* (m/z = 242u and m/z = 258u) distributions as observed by TOF-SIMS on an OPA diffusion sample after 35d (top row). Also in this
sample ‘hot spots’ of Pu are observed. For the area marked by the red square, the distributions of Fe® (m/z = 56u), Pu* and PuO* as well as Ca* (m/z = 40u) are displayed as
magnifications (bottom row). Here, a correlation between all three masses is observed for the Pu ‘hot spots’. To rule out an isobaric interference by CaO" on the same mass as
Fe', the areas 1-5 marked by green circles have been analyzed for the 5‘Fe*/*°Fe ratio (see Table 1) which is in excellent agreement with the literature value 0.0637(11) (De
Laeter et al., 2003). FOV: 500 pm X 500 pm, 5122 px. Additional matrix element distributions observed by TOF-SIMS can be found in SI Figure S3.
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Fig. 8. Normalized intensity scatter plots of Fe*/(Pu™+Pu0O™) (a), Ca*/(Pu*+PuO™) (b) and Fe*/Ca™ (c) for the FOVs displayed in the bottom row of Fig. 7. The intensity scatter
plots were generated by applying a Gaussian filter with ¢ = | to the normalized 140% px raw data matrix for the respective mass peaks using custom scripts. The color scale
indicates point density and was retrieved via a Gaussian kernel density estimate (Virtanen et al., 2020) of the filtered data matrix.

and only a slight increase of the diffusion depth of around 20 pm and an
overall increase of Pu signal intensity was noted. It is also important to
mention that since the splitting of the sample is done along the natural
bedding, it might separate along a weakened natural potential fracture
layer and therefore greater and faster diffusion is observed.

3.3. Modeling of an averaged diffusion profile

Since for the fourth diffusion sample placed in contact with Pu
for 35d six different 500 pm x 500 um FOVs with sufficient Pu signal
were measured via TOF-SIMS, it is possible to average over all six
profiles and therefore minimize the influence of the ‘hot spots’ already
discussed. This yields a profile that is comparable to the ones retrieved
via classic abrasive peeling. A novel workflow using custom python
scripts for the registration of the edges of each profile and averaging
was developed. Since TOF-SIMS does not allow for direct quantification
of the analyte signal, a dimensionless approach such as the solution
of Fick’s law shown in Eq. (2) by Yaroshchuk and Van Loon (2008)
is required. This allows to use the signal intensity of the TOF-SIMS
measurement directly.

Ss

2 ﬁ) |
The diffusion normalized diffusion depth ¢ is calculated from the
diffusion depth x and the length /, according to Eq. (3) with a the rock

cEnt) =exp+ 1) erfel| /T, + 2

capacity factor, the reservoir volume V' and the contact surface area of
the OPA diffusion core S:

& =x/I, with I, = % ©)
The normalized diffusion time z, is calculated according to Eq. (4) via
the diffusion time ¢, a, the effective diffusion coefficient D,, as well as
the before mentioned V' and .S:

T,

o= L, = L (2 @

e

Under the assumption that the maximum counts cts,,, for Pu
observed via TOF-SIMS directly at the interface correlate with the
concentration of Pu in the reservoir, the intensity of the TOF-SIMS
signal is normalized to cfs,,,,. It is important to note that this model
does not account for changing concentration in the reservoir and for
redox processes inside the sample. An additional assumption required
is that the ’rising edge’ at the sample interface is an artifact of the TOF-
SIMS measurement and not a Pu wavefront moving into the sample.
This is the prerequisite for excluding these data points from the fit since
the model cannot account for such a shape. For this reason it needs to
be stressed that the diffusion coefficient D, and the rock capacity factor
a retrieved from the fit are only a rough approximation but nevertheless
an important showcase for the potential to model a diffusion profile
observed via TOF-SIMS. Further work and more advanced diffusion
models are necessary to reach the full potential of the data. The fit was
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Fig. 9. Fit of the averaged Pu diffusion profile for the fourth diffusion sample (35d).
A total of six separate 500 pm X 500 pm FOV were measured via TOF-SIMS along the
interface of the OPA diffusion core. The obtained profiles were aligned and averaged.

Table 2

Constants and fit parameters retrieved for the fit of
an Pu diffusion profile obtained by averaging over six
FOVs measured by TOF-SIMS (Fig. 9) using the model

in Eq. (2).
Parameter Value
vV /m 5x107°
S/ m 1.96x 10~
t/s 3024000
D, / m>s~! 1.6(2) x 107!
a/- 4853(358)
D, / m*s™! 3.2(4)x 10713

performed using custom python scripts and the Imfit package (Newville
et al., 2024). Figure 9 shows the averaged diffusion profile and the fit
to Eq. (2). The individual profiles for each of the six FOVs averaged are
shown in the SI Figure S5.

Despite the already discussed restrictions of the model, it is able to
reproduce the data. The main difficulty is to locate the beginning of
the profile since the fit does not start at the highest intensity at the
beginning of the profile. In addition, spikes in signal intensity originat-
ing from intensity spikes in the individual profiles are still visible, but
their significance is reduced. The used constants and retrieved diffusion
parameters are listed in Table 2. The apparent diffusion coefficient D,
was calculated from D, /a.

The model results in D, = 1.6(2)x 10~ m? s~! and a capacity factor
of a = 4853(358) for this dataset. Using Eq. (5) (Yaroshchuk and Van
Loon, 2008) and typical literature values for the porosity ¢ (0.15(1) Wu
et al., 2009; Joseph et al., 2013) and density p (%2400kgm= Wu et al.,
2009; Joseph et al., 2013) of OPA, a theoretical distribution coefficient
R, of approximately 2.4m’ kg~! for Pu in OPA can be calculated.

a=e+(—-e€)-p-Ry. (5)

However, these values have only a very limited significance due to
the strong correlation of « and D, (C(a, D,) = 0.94). The apparent
diffusion coefficient D, is a more reliable parameter, since already
small changes to the dataset, e.g. binning, influence D, and «, but their
ratio D, is constant within the margin of error (compare SI Figure S6
and Table S2). When compared to literature, the retrieved D,(Pu) =
3.2(4) x 100 m?s~! is smaller in relation to experiments with other
actinides, such as U(VI) (D,(U(VD) = 3.1(3)x 10~"* m?> s~! Joseph et al.,
2013) or Np(V) (D,(Np(V)) = 2.8(5) x 10~* m? s~!, calculated from Wu
et al., 2009). This suggests that under the settings of the experiment
conducted, Pu diffuses slower in OPA than other minor actinides.
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4. Conclusions

TOF-SIMS and rL-SNMS were successfully applied to study the
diffusion of 4x10~° mol L~! Pu(V) in Opalinus Clay with clay pore water
as mobile phase under ambient air conditions. For the in-diffusion
experiments a novel, easily scalable setup with small clay cylinders
(g = 5mm, L ~15mm) was developed using modern 3D printing tech-
niques. The in-diffusion experiments lasted up to 35d. At the end of the
diffusion experiment, the electrophoretic mobility of Pu in the sample
reservoir was determined by CE-ICP-MS and compared to Np(V). This
measurement showed that PuOér is the main species in the aqueous
phase of the diffusion reservoir at pH 7.6 under ambient air conditions.

By cleaving the clay cylinders parallel to the natural bedding of
the clay, several 500 pm X 500 um areas (FOVs) of the pristine clay
surface were investigated at the micrometer scale using TOF-SIMS and
rL-SNMS. By measuring multiple FOVs along the interface of the OPA
core and the reservoir, it was possible to retrieve an averaged diffusion
profile of Pu comparable with the classic abrasive peeling technique
used for strongly sorbing radionuclides (Van Loon and Miiller, 2014).
The determined apparent diffusion coefficient D, = 3.2(4)x 10~15 m?s~!
of Pu is smaller compared to values found in literature for the diffusion
of U(VI) and Np(V) in OPA, suggesting that Pu is less mobile. However,
due to limitations of the diffusion model, this is subject of further
investigations, which should also consider the complex redox chemistry
of Pu in the system.

Certain patterns of the reactive transport of Pu inside OPA could
be observed by the elemental distributions of Pu and several matrix
elements, i.e., Fe and Ca, at the micrometer scale. Scatter plots of
the Pu, Fe and Ca signal intensities reveal correlations between ar-
eas of increased Pu signal and Fe and Ca. Although the associated
mineral phase could not be identified by TOF-SIMS, a comparison
with literature (Kaplan et al., 2024, 2017; Breckheimer et al., 2023)
points towards the Fe(II) bearing mineral pyrite with a cementing
phase of calcite as the cause for Pu ’hot spots’. The presence of Pu
could be confirmed by rL-SNMS, despite its signal for Pu in OPA was
significantly reduced compared to the TOF-SIMS signal for Pu’ and
PuO*. Possible reasons for this include an insufficient sputter rate
of atomic Pu necessary for resonant photoionization in the chemical
matrix of OPA or insufficient laser power for saturating the ionizing
step. The latter is currently being addressed with the setup of a new
laser system that allows for higher laser powers and the application of
novel excitation schemes for actinides (Savina et al., 2018; Kneip et al.,
2020; Kaja et al., 2024). In future investigations of diffusion samples
with several actinides present solution, rL-SNMS will be used to resolve
isobaric interferences, e.g., between 2*®UH™ and 2*°Pu*.

In conclusion, the combined approach of TOF-SIMS and rL-SNMS
allows for faster access to diffusion profiles of strongly sorbing ra-
dionuclides compared to the classic abrasive peeling technique while
retaining detailed chemical information at the micrometer scale. In the
context of the safety assessment for the long-term storage of nuclear
waste, both methods are powerful tools for the analysis of transport
processes in porous media like argillaceous rocks or concrete. This will
facilitate future diffusion experiments with other radionuclides, longer
diffusion times and other chemical conditions, e.g. in the presence of
organic substances like cement additives or waste constituents (Tasi
et al., 2021).
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Abstract

A novel three-step excitation scheme for the ultra-trace analysis of 2*2Pu via resonance ionization mass spectrometry reported
by Galindo-Uribarri et al. was investigated. Previously unknown optical isotope shifts for the second excitation and ionizing
step for the plutonium isotopes 238-240:244py were measured. Saturation powers were recorded, and the efficiency was
compared via electrodepositions of 238Pu with reference to the established scheme by Griining et al. routinely applied on our
setup. Both schemes share the same first excitation step and use a Rydberg state as ionizing step. The resonances for 2**Pu

published by Galindo-Uribarri et al. were confirmed.

Keywords Ultra-trace analysis - Resonance ionization mass spectrometry - Plutonium - Optical isotope shifts

Introduction

Plutonium (Pu) is a major by-product of nuclear power plants
and has been released into the environment during incidents
as well as production and tests of nuclear weapons in the
twentieth century [1-3]. Due to its long-lived isotopes and its
high radiotoxicity as well as complex aqueous chemistry, Pu
is considered a major health risk and therefore is also of inter-
est for the safety case of a deep geological long-term nuclear
waste storage facility [4, 5]. In order to monitor Pu in the
environment, to study its geochemical interactions in the sce-
nario of a deep geological repository, as well as monitor such
a facility in the future, a method is required that can detect
and quantify Pu even at the trace and ultra-trace level. Tradi-
tional radioanalytical tools such as « spectroscopy or liquid
scintillation counting (LSC) depend on the specific radioac-
tivity of an isotope and are not able to detect small amounts of
long-lived isotopes. Various types of mass spectrometry, such
as inductively coupled plasma-mass spectrometry (ICP-MS)
[6-8] or thermal ionization mass spectrometry (TIMS) [9,
10], do not depend on the radioactive properties of the ana-
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lytes and allow for the detection and quantification at very
low levels down to 10° to 103 atoms, but can be hampered
by isobaric interference. This is also the case for acceler-
ator mass spectrometry (AMS), which can reach levels of
detections down to a few thousand atoms [11-13], but only
after extensive sample preparation and development of the
suppression of isobaric interferences.

By photoionizing atoms via laser light, using a multi-
step excitation scheme exploiting the unique electronic level
structure of every element, resonance ionization mass spec-
trometry (RIMS) is able to effectively suppress isobaric
interferences and allows for the detection and quantification
of even the smallest amounts of analyte [14—17]. The sepa-
ration of isotopes by their mass-to-charge ratio in the mass
separator can be even further enhanced by exploiting the opti-
cal isotope shift. Due to the varying number of neutrons in
the nucleus, slight differences in the electronic energy levels
of different isotopes of the same element exist, and by tun-
ing sufficiently narrow laser light exactly to these energies,
isotope selectivity can be achieved. To note, the exact knowl-
edge of the optical isotope shift is of the utmost importance
if isotope ratios are to be quantified. For example, if the ratio
of 240py/23Py is an indication for the burn-up of nuclear
fuel or an indication of the type of nuclear reactor, it needs
to be guaranteed that both isotopes are equally photoionized.
In case the optical isotope shift is sufficiently large, retuning
the lasers to the exact resonance of each isotope might be
necessary.
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Efficiency is an important characteristic of a multi-step
photoionization scheme. Not all optical transitions yield the
same amount of excited electrons, and careful characteriza-
tion as well as selection of each excitation step are required.
Nevertheless, the overall efficiency of a RIMS measure-
ment does not only depend on the excitation scheme but
also among other things on the type of source region, its
atomization efficiency, the laser interaction volume, and the
transmission efficiency of the mass separator.

Recently, Galindo-Uribarri et al. reported a novel, highly
efficient three-step, three-color scheme for the laser reso-
nance ionization of 242Pu [18]. The Pu atoms are first excited
from 5f07s> 7Fy ground state to the known excited state
5f07s6p "Dy at 23,765.98(2) cm~! using laser light from
a titanium:sapphire (Ti:Sa) laser at A1 = 420.77 nm (scheme
a in Fig. 1). From this first excited state (FES), the Pu atoms
were further excited to a second excited state (SES) of even
parity at 35,977.28(4) cm~! using a second Ti:Sa laser with
A2 =818.91 nm. Using laser light with A3 =792.79 nm, the Pu
atoms were further excited to a state at 48,590.90(5) cm™!.
This state is below the ionization potential (IP) of Pu, and

E 48,898 cm” Al
A 48,601(2) cm’! P

48,597.51(6) cm™’!
48,590.905)cm' Ry
792.79nm | a 767.53nm |b  750.24nm |c
35,977.28(4) cm’
35,568.70(4) cm™ SES
818917nm | a
847.28nm | b, ¢

23,765.98(2) cm’ [Rn]5f°7s7p — ’D; FES

420.77nm | a, b, €

242py 0cm”’ [Rn]5f°75° — 7F, GS

Fig. 1 Comparison of three excitation schemes used for the resonant
photoionization of 2#2Pu. Scheme a was reported by Galindo-Uribarri
et al. [18], and b was developed by Griining et al. [20] and is reg-
ularly applied in our laboratory. Both schemes use a Rydberg state
(Ry) as ionizing state. Scheme ¢ by Raeder et al. [19] was used in the
study by Galindo-Uribarri et al. to compare the efficiency of their newly
developed scheme, and an increase of efficiency by a factor of 4.5 was
reported. It differs from b only in the ionizing step. All schemes use
the same first excited state (FES). The ionization potential (IP) was
reported in [21]. Errors, if available, are from the respective publica-
tions. Schematic not to scale
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from there, ionization can occur via different mechanisms,
such as infrared radiation, an external electrical field, or gas
collision. With their experimental setup, Galindo-Uribarri et
al. observed a factor of 4.5 higher signal compared to scheme
¢ (Fig. 1) reported by Raeder et al. [19]. As shownin Fig. 1, a
and ¢ use the same FES of 2*2Pu. In scheme c, the inter-
mediate SES at 35,568.70(4) cm™! with J = 2 is excited
using Ap = 847.28 nm. The ionization of Pu takes place with
A3 =750.24nm via the population of an auto-ionizing state
above the 1P at 48,898 cm™!. In routine ultra-trace analysis
of Pu isotopes in environmental samples using RIMS at the
Nuclear Chemistry group in Mainz, the excitation scheme
developed by Griining et al. (scheme b in Fig. 1) is applied
[20]. It uses the same FES and SES as the scheme by Raeder
etal. Butinstead of exciting an auto-ionizing state, ionization
takes place from a populated Rydberg state at 48,597.51(6)
cm~! below the IP. Since a higher efficiency would improve
the RIMS analysis of Pu, we compared the schemes a and
b using the RIMS setup at the Nuclear Chemistry group in
Mainz. Scheme ¢ by Raeder et al. was not investigated fur-
ther as part of this study. As a first step, the unknown isotope
shifts for 238-240.244py a5 well as the saturation power Py
for each excitation step for the scheme by Galindo-Uribarri
et al. were determined. Afterwards, the ionization efficiency
of the two schemes was determined using the short-lived
isotope 23%Pu (t; /2 = 87.74a). This allowed for the precise
quantification of the exact amount of 238 Pu in each sample (~
1010 atoms) via & spectroscopy before the RIMS measure-
ment.

Materials and methods
Setup for resonance ionization mass spectrometry

The RIMS setup consisted of a custom time-of-flight mass
spectrometer (TOF-MS) displayed in Fig. 2 and three custom
Ti:Sa lasers jointly pumped by a frequency doubled Nd: YAG
laser (Photonics Industries International, Inc., Ronkonkoma,
NY, USA, model DM532-60) at 532 nm with approximately
45W laser power and 10kHz repetition rate. For the mea-
surement of the isotope shifts, the initial saturation curves,
and the efficiency measurements, the three Ti:Sa of the orig-
inal design presented in the work by Griining et al. [20]
were used. These lasers use a Lyot filter and an etalon for
wavelength selection and have an approximate linewidth of
6-8 GHz and a Pockels cell for temporal synchronization. To
note, the 10 kHz repetition rate is an increase compared to the
6.6kHz in the work of Griining et al., which was conducted
on the same setup. Furthermore, the lasers are not introduced
into the source region via an optical fiber, but directly, which
allows for higher laser powers in the source region. After
the initial results had indicated insufficient laser power in
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Fig. 2 Schematic view of the time-of-flight mass separator (TOF-MS) of the Nuclear Chemistry group in Mainz. The laser beams are directly
introduced into the source region perpendicular to the flight path of the photoions. Pressure for measurements is < 2 x 10~° mbar. Not to scale

the IS, the Ti:Sa driving the SES-Ry transition was replaced
with a current generation model that allows for higher out-
put powers to repeat the saturation curve measurements. The
current generation “standard” Ti:Sa, that are developed by
the LARISSA workgroup at the Institute of Physics at the
Johannes Gutenberg-Universitit Mainz, have a more com-
pact design without the need for a Pockels cell and have a
linewidth of approximately 5 GHz, but still use a Lyot filter
and an etalon for wavelength selection [22]. Laser system and
mass spectrometer were synchronized via a joint pulse gener-
ator (BNC, San Rafael, USA, model 577). The wavelengths
of the Ti:Sa lasers were measured quasi simultaneously by
a wavemeter equipped with a switch (Highfinesse, Tiibin-
gen, Germany, WS6-200, 200 MHz accuracy). Laser powers
were recorded before and after each efficiency measurement
to exclude power fluctuations (PowerMax® model PM3 with
Fieldmate powermeter, Coherent GmbH, Gottingen, Ger-
many). The laser beams were introduced into the atom source
perpendicular to the flight path of the ions. To ensure opti-
mal overlap between the beams, they were guided through
two irides before and after the source region. Samples were
placed into the source as electrodepositions on tantalum fil-
aments covered with a thin layer of titanium (Ti) as reducing
agent. These sandwich filaments were then resistively heated
by applying current directly to them, resulting in a cloud of
atomic plutonium in which the laser light is shone. Measure-
ments were conducted at pressures < 2 x 10~ mbar. Ions
were extracted into the TOF-MS by applying an extraction
pulse with ca. 1.3kV. The mass spectrometer and laser setup
have been described in more detail in previous publications
[16, 20, 23].

Electrodepositions of Pu

All samples used in this study were produced via electrode-
position of plutonium onto tantalum filaments via a custom
electrolysis cell described in detail in previous publications
[16, 24]. For spectroscopy samples, a mixture containing
~1010 atoms of 238Py, 239Pu, 240Py, 242Py, and 2*4Pu each
was added to 6mL 0.2 g mL™! (NH4),SO4 (Alfa Aesar

o4

GmbH & Co KG, Karlsruhe, Germany) electrolyte solution
in MilliQ water (18.2 M, Synergy ™ Millipore water sys-
tem, Millipore GmbH, Schwalbach, Germany) at pH 1.8.
Approximately 350 mA at 16 V were applied for 1.5h. Five
minutes before the end of the electrolysis, 5-6 drops of conc.
NH4OH (Merck KGaA, Darmstadt, Germany) were added
to the solution to prevent detaching of the deposited Pu. The
recording of the laser power saturation curves was conducted
using a sample of 23*Pu. For efficiency measurements, the
samples were prepared by adding only an aliquot with ~101°
atoms of 233Pu to the electrolyte solution. All samples were
covered with an &1 um thick titanium layer as reducing agent
applied in a custom sputter setup, increasing the amount of
atomic Pu evaporated in the source region of the mass spec-
trometer.

Results and discussion
Isotope shifts

To scan the resonances for the transitions of each Pu iso-
tope, two of three lasers were kept at a constant wavenumber
while the third one was varied. Each resonance was scanned
six times: three times from lower to higher wavenumbers and
three times vice versa. The power of each step was reduced if
necessary so little to no saturation broadening was observed.
To retrieve the centroids of the resonances for the first and
second excitation steps, the data was fitted with a single Gaus-
sian curve plus a linear component for even isotopes and two
Gaussian curves and a linear component for 23°Pu to account
for the hyperfine structure. 23°Pu is the only Pu isotope in this
study with a nuclear spin of / = 1/2. All the other isotopes
have a nuclear spin / = 0. The centroid of the 2*°Pu res-
onances was calculated by the sum of the centroids of the
two Gaussian curves, weighted by the respective total area
fraction. The ionization steps were modeled with a single
Lorentzian curve and a linear component.

Table 1 shows the resonances observed for each excitation
step. The results for 2*2Pu as well as for the first excita-
tion step of the other Pu isotopes are in excellent agreement
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Table 1 In this work observed

resonances for 238-240.242.244py, Pu isotope FES/cm~! SES/cm™! IS/cm~!

fOL the ‘hre"'“ez i"d‘a‘i"n 238 23,766.41(1) 12,210.84(1) 12,613.82(1)

scheme proposet

Galindof’Urfbmi etyal_ The 239 23,766.32(2) 12,210.95(2) 12,613.76(1)

resonances found for the first 240 23,766.16(1) 12,211.10(1) 12,613.69(1)

?;‘(;gazgzsssglgfzrf?};al1 242 23,765.97(1) 12,211.29(1) 12,613.59(1)
P 244 23,765.77(1) 12,211.48(1) 12,613.50(1)

known second excitation step
(SES) and ionizing step (IS) for

242Py are in excellent agreement 242 (Lit)

23,765.98(2) [20]

12,211.30(4) [18] 12,613.62(2) [18]

with the literature [18, 20]

with the literature [18, 20]. Furthermore, in some cases, we
were able to improve the uncertainty. These resonances were
then used in the subsequent saturation power and efficiency
measurements. The optical isotope shifts of the different Pu
isotopes in reference to 2*?Pu are displayed in Fig.3 and
Table 2. Also included are the isotope shifts for the FES
calculated from the resonances described in literature [20],
which are in excellent agreement with the results from the
measurements presented here as well.

As both schemes compared in this work share the same
first excitation step and as it was already known from litera-
ture [20], itis clear that it needs to be adjusted for each isotope
to ensure maximum photoionization. For the newly measured
isotope shifts of the second excitation step for the scheme
proposed by Galindo-Uribarri et al., the difference between
the resonance for 238Pu and 2**Pu for the second excitation
step is up to ~20 GHz and for the ionizing step ~10 GHz.
That means even using Ti:Sa lasers with a linewidth of 6—

8 GHz, it is not possible to photoionize all isotopes equally at

FES Pu-238 SES Pu-238 IS Pu-238
1.0 4 1.0 4 1.0 4
0.5 1 0.5 1 0.5 A
0.0 T T T T T T == 0.0 ~— T T T T T T 0.0 T T T
Pu-239 Pu-239 Pu-239
1.0 4 1.0 1.0 4
(]
0.5 1 0.5 1 0.5 A
0.0 T T T T T T T 0.0 T ¥ T T T T T 0.0 T T
v PU-240 PU-240 PU-240
S1.0 1.0 A 1.0 4
o
o
£
g 0.5 0.5 1 0.5 A
s
0.0 T 7 T T T T 0.0 T f T T T T 0.0 —
PU-242 Pu-242 Pu-242
1.0 4 1.0 A
0.5 1 0.5 1 ’
0.0 T 7 T ¥ T T T 0.0 T T T e T T T T
PU-244 Pu-244
1.0 4 1.0 A 1.0 4
0.5 1 0.5 1 0.5 A
0.0 T T u T T T T 0.0 T T T T Y T Y 0.0 - T T T T
-10 -5 0 5 10 15 20 25 -20 -15 -10 -5 0 5 10 -20 -10 0 10 20
A GHz Pu-242 A GHz Pu-242 A GHz Pu-242

Fig. 3 Isotope shifts of 238=240.244py in reference to *?Pu. Each resonance was scanned six times. The first and second excitation steps (FES,
SES) for even isotopes were modeled using a Gaussian curve as well as a linear component for background, and for the uneven isotope 2*Pu, two
Gaussian curves and a linear term were used to account for the hyperfine structure. The ionizing step (IS) was modeled with a Lorentzian curve
and a linear component. Error bars are presented as o = /N from the number of detected ions N
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Table 2 Isotope shifts for the

first and second excitation (FES, Pu isotope FES Lit. [20]/GHz FES/GHz SES/GHz IS/GHz
SES) as well as ionizing step 238 12.6(12 13.4(5 _13.4(5 6.8(5
(IS) of 2387240,244Pu in 6(12) AB5) A5) 805)
reference to 242Pu observed in 239 10.2(12) 10.4(6) —10.2(7) 5.1(5)
this work. Literature values for 240 5.4(12) 5.8(5) —=5.7(5) 2.9(6)
the FES were calculated from 244 —6.9(12) —6.0(5) 5.8(5) —2.8(6)

wavenumbers given in [20]

the same time. By comparing the resonance positions shown
in Fig. 3, it is evident that already for isotopes with overlap-
ping resonances for the FES and SES and a relatively similar
ionizing step, such as 23¥Pu and 2*'Pu, the excitation wave-
lengths need to be adjusted. Lasers tuned to the FES and SES
of 238Py would not cover the whole resonances of 23°Pu, and
therefore, the amount of 23*Pu would be underestimated. In
the same scenario, all the other isotopes are not excited and
would be lost in the analysis. Therefore, in a measurement of
the isotopic ratio using the scheme by Galindo-Uribarri et al.,
the optical isotope shift cannot be omitted and all three lasers
need to be adjusted to the respective isotope to ensure correct
results. In case of the scheme by Griining et al., the second
excitation step needs also to be retuned for each isotope as
well, but the ionizing step does not display a significant opti-
cal isotope shift and it is not necessary to adjust the laser for
each isotope, therefore simplifying the measurement.

Saturation

The saturation curves for the FES, SES, and IS of the exci-
tation schemes by Galindo-Uribarri et al. and Griining et

¢  Galindo-Uribarri et. al.
¢ Grlning et. al.

al. displayed in Fig. 4 were recorded by varying the laser
power (P) of the excitation step in question via a neutral den-
sity filter while keeping the other two constant. Since the
measurement of the IS required more datapoints in order to
avoid influences caused by changes of the emittance from the
sample over time, the measurement procedure was slightly
adopted: Here, after every two data points, a reference mea-
surement without attenuation of the laser beam was included
to normalize the data. As mentioned in the setup section,
after initial results indicated insufficient laser power for the
IS, the measurements presented here were repeated with a
new generation Ti:Sa laser driving the SES-Ry transition
that was able to provide more power for the IS compared
to the efficiency measurements. The FES and SES were
still driven by the older generation Ti:Sa. The laser powers
were measured (FES: PowerMax® model PM3 with Field-
mate powermeter, Coherent GmbH, Géttingen, Germany;
SES, IS: PM-160T-HP, Thorlabs GmbH, Bergkirchen, Ger-
many) directly in front of the entrance window of the source
region. The intensity / was then modeled using Eq. 1 where
Ip is the non-resonant contribution by the other excitation
steps, A the maximum theoretically saturation amplitude, P

—==- Galindo-Uribarri et. al. Fit
—== Grining et. al. Fit
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Fig.4 Measured saturation curves for the first excitation step (FES), the second excitation step (SES), and the ionizing step (IS) for the excitation
schemes by Galindo-Uribarri et al. (blue) and Griining et al. (orange) as well as the respective fit (dashed line). No saturation was reached for either
scheme in the IS. Errors are calculated from the number of ions detected N via ¢ = +/N. For the measurements of the Griining et al. scheme, the

error bars are small compared to the data point symbol
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the saturation power, and the term m - P accounts for non-
resonant ionization as well as the volume increase of the laser
beam with the increase in power [19].

P/Ps

I=)+A - ——— +m
0 1+ (P/Py)

- P. (1)

Table 3 displays the resulting saturation powers Ps.

For both schemes, the FES and SES reach saturation.
Both schemes are using the same FES and only minimal
laser power is required to saturate the transition. For the
two different SES, more laser power is required, but also
here a plateau is reached. In contrast, both schemes do not
reach saturation in the IS. Here, an increase in laser power
leads to a continuous increase in signal intensity and the
fit, although converging, does not yield credible results. The
foci of the laser beams had previously been adjusted for
maximum signal intensity. To further investigate the unsat-
urated IS, the beam profile of the IS laser was measured to
ensure a sufficient focus. Since measuring the beam profile
directly inside the source region is not possible, the beam
was diverted using a mirror and the beam profile camera
(CinCam CMOS-1202-OM, CINOGY Technologies GmbH,
Duderstadt, Germany) was placed at the same distance com-
pared to the ionization volume. Analysis of the beam profile
with a Gaussian fit using the software provided with the cam-
era (RayCi-lite, CINOGY Technologies GmbH, Duderstadt,
Germany) showed a circular distribution over an area of ca.
0.16 mm?, resulting in an energy density of approximately
1 mJ mm~2 at 1.6 W and 10kHz operation. That despite
this high energy density no saturation was reached indicates
that the laser interaction volume is too small. With the SES-
Ry driving laser beam focused so strongly, it can no longer
be assumed that the whole atom plume emitted from the
sandwich type filament in the source region is sufficiently
illuminated by this laser beam. If the beam diameter is only
slightly increasing with the increasing power during the sat-
uration curve measurement, a larger area of the atom plume
is covered and more atoms are photoionized. Due to the per-
pendicular geometry of the laser interaction volume used
in this work, the effect of a lack of energy density might
be more pronounced compared to a co-linear setup, since
there is less probability for an atom to interact with the pho-
tons. By applying such a co-linear laser beam geometry to
illuminate a hot-cavity atom source, Galindo-Uribarri et al.
determined a saturation power of 325(67) mW for the IS [18].

Table3 Resulting saturation powers P; for the different excitation steps

Scheme FES/mW SES/mW IS/mW
Galindo-Uribarri et al. 4(2) 135(36) -
Griining et al. 7(2) 153(58) -

@ Springer

In addition to being more efficient for atomization, such a
source provides a confined atom plume and therefore addi-
tionally increased atom-photon interaction probability. What
also needs to be considered when comparing the saturation
behaviors between the two setups is the actual ionization
process from the Rydberg state. While in the source region
used in this work most likely the only contributing ion-
ization path is the electric field caused by the extraction
electrode, in the hot-cavity-type source, other pathways, such
as black-body radiation and collision, play a more dominant
role [25].

Efficiency measurements

For efficiency measurements, the samples were characterized
via « spectroscopy (detector: Ortec, Germany, model CR-
SNA-450-100) to yield the exact amount of 23¥Pu deposited.
Figure 5 displays an exemplary spectrum recorded for one of
the samples used in this study. Each sample was measured
36005s. The detector was energy calibrated using '*3Gd and
241 Am. The detector efficiency of 0.146(15) was determined
using a certified >*! Am standard (Amersham Biichler GmbH
& Co KG, Braunschweig, Germany, reference no. 9454).
For the efficiency measurements by RIMS, the samples
were heated until a first signal for 23¥Pu at around 650°C
was observed. Afterwards, a sequence was programmed in
which all lasers were tuned to the resonances observed for
238py for 120 s before the first excitation step was detuned for
5 to record the background. The sample was heated further
up during the recording of the background whenever a drop
in the count rate was observed. This process was continued
until the sample was no longer emitting 2>3Pu, up to around
1200 °C. Before each measurement, the laser power and beam
overlap were checked to ensure comparability and consis-
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Fig.5 « spectrum of a 233Pu sample used in this work to quantify the
RIMS efficiency. The red dashed lines indicate the range for which the
signal was summed up. All six samples used in this work were measured
3600 s using the same Si detector. Errors are calculated from the number
of events detected N via o = /N

o7



Investigating a novel three-step excitation...

le6
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Fig.6 Excerpt of the mass spectrum of a 23¥Pu efficiency sample with
lasers tuned to the optical transitions for 233Pu using the scheme by
Griining et al. A strong signal for 2*’Pu is observed which is near-
resonantly ionized due to the width of the lasers and the broadness of
its transitions. The origin of the 2Pu is most likely from a contami-
nation of the electrolysis cell or the 23¥Pu stock solution and was not
observed via o spectroscopy. Errors are calculated from the number of
ions detected N via 0 = +/N. However, the error bars are too small
compared to the data point symbol

tency. Laser powers during the efficiency measurements for
the FES were 80 to 85 mW, the SES 400 to 600 mW, and the
ISI.1to 1.2 W.

As displayed in Fig. 6, a strong signal of 2>*Pu was
observed in addition to 23*Pu indicating a contamination of
either the electrolysis setup or the 23¥Pu stock solution. 2°Pu
was not observed via o spectroscopy of the filaments due
to the lower specific activity. Due to the small isotope shift
between 238Pu and 23°Pu and the width of the Ti:Sa laser
light of up to 8 GHz, 23°Pu is partly ionized even when the
lasers are tuned to the resonances of 233Pu. This was obser-
ved for both excitation schemes by Griining et al. as well as
by Galindo-Uribarri et al. Nevertheless, the mass signals are
sufficiently separated in the mass analyzer, and the detection
efficiency of 233Pu could be determined.

As shown in Table 4, no difference in efficiency was
observed between the two excitation schemes using the same
setup. Variations in the absolute value for a single measure-
ment can be attributed to slight variations in the laser power
during the measurements. Here, it becomes evident that a dif-
ferent excitation scheme alone does not necessarily result in
an increased efficiency on different RIMS setups. As already
discussed for the saturation curves, due to the co-linear lay-
out and the hot-cavity source used in [18], the total ionizing
volume, as well as the atom-photon interaction and subse-
quentionization probability from the Rydberg state, are much
larger compared to the perpendicular laser beam geometry
and sandwich type filament applied in this work. Additional
factors contributing to the overall measurement efficiency are
the atomization in the source as well as the total ion transmis-
sion of the MS. However, an increase of the efficiency using
the scheme by Griining et al. by a factor of ~2-3 compared to
the original measurements that were performed on the same
setup in 2004 [20] was observed. This can be attributed to
the higher laser powers possible by introducing the laser light
directly into the source region of the mass spectrometer and
not via an optical fiber, as well as the increased repetition
rate of the lasers from 6.6 to 10 kHz. Another factor might be
that the amount of Pu deposited on the filaments was directly
quantified via @ spectroscopy.

Conclusion

This work confirmed the resonance wavelengths for 242Pu
published by Galindo-Uribarri et al. In addition, the previ-
ously unknown isotope shifts for the isotopes 238Pu, 23°Pu,
240py, and 2**Pu for the second excitation and ionizing
steps were measured. This allows now the application of
this scheme for measurements of isotopic ratios of these Pu
isotopes, whether for determining the isotopic fingerprint in
nuclear forensic investigations or for quantifying the Pu con-

Table 4 Measured efficiencies

. . Sample 238py atoms RIMS counts 2*3Pu/a.u Efficiency
using the three-step excitation
schemes by Griining et al. and Griining et al. scheme
Galindo-Uribarri et al. The . 0 5
amount of electrodeposited 1 5.6(6) x 10 3,483,304(5815) 6.2(7) x 10~
238Pu was quantified via o Il 2.8(3) x 1010 1,654,655(3987) 5.9(7) x 1073
spectroscopy. Errors for RIMS I 6.6(7) x 1010 4,173,582(6385) 6.3(7) x 105
measurement are
3. /N +3-/Nsg. No Average 6.2(12) x 107

difference in efficiency was
observed between the two
excitation schemes

Galindo-Uribarri et al. scheme

v 4.8(5) x 100
A 6.4(7) x 1010
VI 6.8(7) x 1010
Average

2,664,358(5046) 5.6(6) x 1075
3,685,399(5970) 5.8(6) x 1075
4,566,554(6650) 6.7(7) x 1073

6.0(12) x 1073

o8
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tent in environmental samples with the help of an isotopic
spike. It has been demonstrated that the isotopic shifts mea-
sured in this work are in the order of multiple GHz, and
therefore, it is required to tune the laser wavelengths to the
respective Pu isotope to ensure full ionization and correct
measurements. We were not able to observe an increase in
efficiency compared to the three-step excitation scheme by
Griining et al. regularly applied in routine measurements of
239py and 2*Pu in environmental samples in our labora-
tory. Galindo-Uribarri et al. have reported a factor 4.5 higher
intensity when comparing their new scheme to the three-
step scheme by Raeder et al. that only differs in the IS from
the one compared to in this work. It has been demonstrated
that the efficiency of a Pu RIMS measurement does not only
depend on the excitation scheme, but also heavily on the
source region and overall setup design. Factors that have to
be considered are atomization efficiency, the atom plume,
the resulting laser interaction volume, laser power, and ion-
ization pathways. The efficiency observed in this work is
multiple orders of magnitude lower compared to Galindo-
Uribarri et al. It has been established that setups equipped
with a hot-cavity source region and co-linear laser geome-
try, such as the resonance ionization laser ion source (RILIS)
used by Galindo-Uribarri et al., have a higher efficiency com-
pared to a sandwich type filament source region such as the
RIMS setup used in this work. Therefore, the question might
arise why not to build all RIMS setups with co-linear laser
geometry and a hot-cavity source. However, the source region
should be designed with the application of the setup in mind.
An oven-type source is at a significant disadvantage when
it comes to possible contamination from previous samples
and sample turn-around time, since it is required to perform
a bake out after every sample or to replace the whole oven
unit. This would make routine measurements of Pu isotopes
in environmental samples at the ultra-trace level, as they are
performed in the Nuclear Chemistry in Mainz, extremely
time-consuming and increases the cost significantly. Never-
theless, future studies using a measurement setup that allows
for both co-linear and perpendicular geometry of the laser
beams with respect to the atom source, such as the RISIKO
mass separator of the LARISSA workgroup at the Insti-
tute of Physics at the Johannes Gutenberg-Universitidt Mainz
[22, 26], might provide further insights into the factors con-
tributing to the efficiency of a Pu measurement via RIMS.
In general, a more systematic comparison of the different
excitation schemes already known for RIMS measurements
of Pu, maybe even involving different measurement setups,
would be of benefit. Despite not observing a difference
in efficiency for the two schemes compared in this study,
an overall increase in efficiency compared to the measure-
ments performed by Griining et al. on the same setup in
the Nuclear Chemistry in Mainz was observed. This can be

@ Springer

attributed to quantifying the exact amount Pu deposited in
each electrolysis directly, the increased laser repetition rate,
and introducing the laser light directly into the source region,
resulting in higher laser powers.
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Abstract.

The atomic structure of neptunium (Np) was investigated by two-step resonance ionization spectroscopy.
The study involved exploring ground-state transitions as well as following transitions to high-lying states
just below the ionization potential (IP) or auto-ionizing states above the IP. That resulted in the iden-
tification of two-step ionization schemes, suitable for trace analysis and nuclear structure investigations.
The lifetimes of two excited states located at 25,342.48 cm™! and 25,277.64 cm ™! were determined as
230(12) ns and 173(9) ns, respectively. Because of the absence of Rydberg series in wide-ranging spectra
recorded, the first IP was determined through the field ionization of high-lying, weakly-bound states using

a well-controlled static electric field. By applying the saddle-point model, an IP value of 50,535.54(15) cm

—1

[6.265608(19) eV] was derived. This value agrees with the current literature value of 50,535(2) cm™*, while

providing a more than ten times higher precision.

1 Introduction

Neptunium (Np), with atomic number Z = 93 is the
first transuranic actinide. In the environment, only
one of the twenty-five isotopes of 27244Np known
at present, is found in trace amounts, namely 2*"Np
(t1/2 = 2.1 x 10° y), being created as decay products
from transmutation reactions in uranium ores. How-
ever, the main source of Np isotope contamination,
found today on earth and specifically in the biosphere,
is fallout from nuclear weapon testing. An estimated
total of about three tons of 2*’Np has been released
globally into the environment by above-ground nuclear
explosions [1]. Historically, the element Np was synthe-
sized for the first time by McMillan and Abelson in 1940
via the reaction chain

23877 () 239 B~ . 239
g2 U — g5 Um’ o3 Np, 1)

with #3Np (t;/, = 2.356 d) decaying subsequently into
239Py [2]. The long-lived isotope 2*"Np was produced

*e-mail: mkaja@uni-mainz.de (corresponding author)
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one year later by Wahl and Seaborg using the reaction

23877 (n:2n) 937 B~ . 237
g2 U — 43 Um 93 Np, (2)

which involves bombardment of 233U with fast neutrons
[3]. Today, Np is generated steadily and in macroscopic
amounts within the nuclear fuel cycle with one ton of
nuclear-spent fuel containing typically 500g of 23"Np,
corresponding to typical production rates of ~10kg in
each conventional pressurized water reactor per year [4].
Subject to the chemical conditions within the reposito-
ries and the geological characteristics of the surround-
ing environment, neptunium can exist in four differ-
ent oxidation states, +III to +VI, with Np(V) species
exhibiting the highest mobility [5]. Thus Np represents
a major hazard in the final disposal of nuclear waste
due to the high radiotoxicity and the long half-life of
the isotope 23"Np.

As a consequence, the ultra-trace analysis of Np in
environmental samples is of high relevance, in particular
regarding the closure and reliable sealing of long-term
repositories for nuclear waste [6]. The necessary devel-
opment of efficient and selective non-radiometric deter-
mination methods for Np based on the implementa-
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tion of laser ionization into mass spectrometry requires
the development of efficient, easy-to-implement ioniza-
tion schemes and detailed atomic spectroscopy [7]. Cur-
rently, existing ionization schemes of Np are applying
sequential three- or two-step excitation induced by dye
lasers [8] or require three Ti:sapphire lasers [6].

In this work, novel two-step excitation schemes in
the spectral range of Ti:sapphire lasers, which turn out
to be far more reliable and easier to operate than dye
lasers, were investigated regarding their suitability for
Np ultra-trace analysis. This reduces the complexity
and susceptibility to errors of the technique in partic-
ular regarding studies on multiple isotopes or even ele-
ments. However, a reduction in the number of excitation
steps involved may also negatively affect sensitivity as
well as selectivity of the process, which must be exam-
ined before application.

In 1977, Fred et al. [9] measured 6069 lines of Np
in the range between 4000 and 40,000 cm™! with the
Argonne 9m Pashen-Runge spectrograph. They clas-
sified 130 even- and 329 odd-parity energy levels. A
few years later Worden et al. [10] added 27 odd- and
37 even-parity energy levels in the range of 33,000 to
37,000 cm ™! to that data set. They also determined the
ionization potential (IP) as 50,536(4) cm™! from a ded-
icated study of the Rydberg series involving ionization
in a pulsed electric field. Delayed application of inter-
mittent electric field 5 us after the populating laser
pulse permitted decay of shorter-lived valence states
that beforehand obscured the Rydberg series identi-
fication. The most recent value of the IP of Np was
reported by Kohler et al. to be 50,535(2) cm™! [11].
It was derived using three-step resonance ionization
and applying the saddle-point model, which involves
the ionization of highly excited atoms in a static elec-
tric field. This approach is much easier to realize and
analyze without relying on the assignment of individ-
ual Rydberg series within an overwhelming multitude of
other levels but has a similar precision in complex spec-
tra to one of the Rydberg series investigations. More
recently this model was also utilized by Studer et al.
[12] and by Kneip et al. [13] for studies on the IP of
Pm and Cm, respectively, in a rather similar context as
reported here.

In this work, the investigation of the atomic struc-
ture of neptunium within the energy region around the
first IP is presented. The studies include the search for
strong auto-ionizing states (AI), which were addressed
from three different odd-parity intermediate energy lev-
els. As part of the process to identify efficient ioniza-
tion schemes, a detailed examination of the first excited
states (FES) was undertaken, focusing on line profiles
and including the measurement of atomic level life-
times. Due to the complexity of the Np spectra and
the absence of easily assignable Rydberg series, a re-
determination of the IP was accomplished using the
electric field ionization method analogous to [12,13].

@ Springer
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Fig. 1 Tllustration of the RISIKO mass separator with ion
trajectory highlighted in green and laser beams in blue and
violet. The FI-LIST is an optional part and has been used
only for the ionization potential measurements. Details on
RISIKO specifications can be found in reference [14], and
FI-LIST in [15]

2 Experimental setup

Our study employs resonance ionization spectroscopy
(RIS) as a technique known for its remarkable sensi-
tivity regarding the examination of minuscule sample
amounts. Applying the stepwise photoionization pro-
cess with well-tuned pulsed laser radiation also offers
inherent selectivity for a specific element or even iso-
tope. A 10 uL sample containing approximately 4 x 1013
atoms of 23"Np in dilute nitric acid solution was dripped
onto a 4 x 4mm? zirconium carrier foil with a thick-
ness of 25 um and subsequently evaporated slowly to
dryness under an infrared lamp. Accordingly, a sample
containing about 2 x 10'® atoms of 2"Np and 2 x 103
atoms of 23°Pu was prepared to test the schemes’ ele-
ment selectivity. The foil was folded and placed in the
hot cavity atomizer of the Mainz University RISIKO
mass separator and laser ion source facility, as sketched
in Fig. 1. The atomizer is a 35 mm long tantalum tube
with a 2.5 mm inner diameter and can be resistively
heated up to about 1700 °C [14]. The ions created in
the source unit are extracted and the resulting ion beam
is shaped by ion optics and mass separated in a 60° sec-
tor field magnet. Ions passing a separation slit down-
stream of the magnet are quantitatively counted by a
special channel electron multiplier (MagneTOF) detec-
tor, which ensured high detection efficiency at a very
low background.

Laser ionization is normally carried out within the
atomizer tube to ensure the highest efficiency in spec-
troscopic studies. The spectral resolution of this arrange-
ment is limited to a few GHz linewidth by the Doppler
broadening, occurring within the atomic vapor. Differ-
ent ancillary devices have been developed to overcome
such limitations. Based upon the Laser Ion Source Trap
(LIST) [16], which comprises two electrodes, a radiofre-
quency quadrupole (RFQ) structure, and an exit plate,
providing full suppression of background ions stem-
ming from surface ionization on the hot cavity walls,
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Fig. 2 Measured Al spectra above the ionization potential excited from three different first excited states: 25,075.15 cm™

1

(J = 13/2) (blue graph in a), 25,342.48 cm™' (J = 11/2) (green graph in b) and 25,277.64 cm™" (J = 9/2) (orange in
c) as well as a spectrum obtained by only one laser without additional first excitation step (d). For simple identification
of resonances not stemming from the chosen FES, the latter spectrum was relocated by the energy of the respective FES
and inserted in dark red color as an upper trace into each AI spectrum, as explained in the caption of Fig. 6. AI resonances

studied in detail in this work are highlighted by pale red boxes

the perpendicular illuminated version PI-LIST [17,18]
has been set up. By the transverse introduction of laser
radiation with respect to the atom beam effusing from
the atomizer cavity, high resolution is obtained for stud-
ies on hyperfine structures and isotope shifts. A further
upgrade is the field ionization version, i.e., the FI-LIST
[15], specifically designed for precise adjustment of an
external electric field, which is needed for the determi-
nation of the ionization potential via the saddle-point
model. FI-LIST is formed as a unit consisting of three
electrodes in front of the regular LIST RFQ structure.
At the first electrode, which is located at a distance
of 0.5 mm from the cavity exit, a low negative poten-
tial is applied to repel electrons created inside the hot
cavity atomizer. A second electrode following immedi-
ately has two purposes: One is to repel surface-ionized
ions by a positive potential, and the second is to cre-
ate a well-defined homogeneous electric field toward the
third electrode, which is set on a similar but negative
potential. These two electrodes are separated by exactly
10mm distance, and the interaction region for laser
radiation with the effusing atomic beam is arranged
precisely in the center point of the arrangement. Cre-
ated ions are directed through electrode three to enter
the guiding field of the RFQ structure, which also acts
as a protective shield against any influences or distur-
bances from the high acceleration voltage of the mass
spectrometer. A detailed characterization and discus-
sion of the performance of this FI-LIST unit can be
found in [15].

Optical transitions of a two-step excitation scheme
in the spectrum of the Np atom are induced by using
two tunable, pulsed Ti:sapphire lasers pumped by 15 W
each of a commercial, frequency-doubled Nd:YAG laser
at 532.0nm with 10 kHz repetition rate. Two specific Z-
shape resonator geometry types of such tunable lasers
were used. These are the so-called standard Ti:sapphire
of the Mainz University design, which operates with a
typical pulse length of 50 ns, a spectral linewidth of 5
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GHz, and up to 4 W average output power [19], but does
not permit continuous long-range wavelength scans.
The grating-tuned Ti:sapphire laser allows mode-hope-
free tuning in the entire accessible spectral range with
an output power of up to 2 W and a spectral linewidth
of 2-5 GHz [20]. The tuning range of both laser types
is 700-1000 nm and can be extended to 350-500 nm by
a resonator-internal frequency doubling process within
a beta barium borate (BBO) crystal. The fundamental
frequency of each laser was measured by a commercial
wavemeter (High Finesse WS6-600), with a precision
of 600 MHz or 20% of the laser linewidth. Laser beams
enter the RISIKO mass separator either anti-collinearly
to the ion beam through the dipole magnet, or alterna-
tively, when using the FI-LIST, both lasers are intro-
duced into the interaction region in transversal geome-
try (see Fig. 1).

3 lonization schemes

Starting from the even-parity ground state 5f46d7s2
6L (J = 11/2), three different FES at 25,075.15 cm™?
(J = 13/2) (blue in Figs. 2, 3, 4, 5), 25,342.48 cm™!
(J = 11/2) (green) and 25,277.64 cm~! (J = 9/2)
(orange), were chosen for investigation of two-step exci-
tation schemes. Unfortunately, configuration assign-
ments of all three first excited levels are not available.
To identify suitable ionization schemes into low-lying
autoionizing levels, the grating-tuned laser was scanned
by about 800 cm ™! just above the IP for all three cases
as shown in the upper part of Fig. 2. During the scan-
ning process of the second laser, a population of alter-
native FES occurs on occasion. Via a two-photon one-
color 1 + 17 excitation including non-resonant ioniza-
tion, this leads to extra peaks in the spectra, which
would be incorrectly assigned and must be removed.
These artifacts in the ionization spectra can be easily
detected by scanning the examined range using only one
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laser, as presented in the lowest trace of Fig. 2. Relocat-
ing this spectrum must be done by properly replacing
the overall energy value. In the case of excitation with
two lasers, the first-step energy is added to the scanning
laser energy. In single laser excitation via 1 + 1’ by just
twice the second step energy gives the proper peak loca-
tion and discloses these contributions for easy removal,
as shown in Fig. 2 by the individual upper traces given
in dark red color in each spectrum. Remarkably, 1 + 1’
scan revealed a very strong two-step one-color scheme
at 2 x 25,551.93cm™! = 51,103.86cm ™! (pink in Figs.
2, 3), which quasi resonantly populates an Al level at
51,103.7 cm~!, found later on through two different
two-step excitation schemes. In Fig.2, the Al states
marked with pale red boxes were chosen as second
excited steps. These candidates were selected either
according to their strength or favorable wavelength con-
cerning the emission range of the laser. Corresponding
seven investigated ionization schemes are illustrated in
Fig. 3. The resonance curves and the relative efficiencies
of the schemes, obtained from the ion counts measured
under identical atomizer and laser power conditions, are
given in the upper part of Fig.3. In addition, a refer-
ence one-color 1 + 1’ scheme was employed to subse-
quently adjust the data for any significant experimental
variations not caused by the lasers. A list of the level
positions of the five newly reported Al resonances of
even parity is given in Table 1, even though no precise
angular momenta or assignments can be given.

The most efficient scheme turned out to be the one
starting at FES 25,075.15 cm™! with J = 13/2, for
which an efficient first-step excitation is expected by the
angular momentum change of AJ = +1. This is seem-
ingly combined with an efficient ionization channel in
the second step. The scheme is approximately two times
more efficient than the one-color 1 + 1’ scheme and
about ten times more efficient than the other schemes
investigated. Two schemes, i.e., the one with a FES
with J = 13/2 (blue in Figs. 3-5) and a FES with

@ Springer

Table 1 Energy levels and possible J of the investigated
AT resonances presented in Fig. 3; three of them were found
to be the same state

Al-No. Energy (cm™1) Possible J

1 50,813.58(20) 11/2, 13/2, 15/2
51103.86(20)

2 51103.57(18) 9/2, 11/2
51103.73(26)

3 50,959.45(18) 9/2, 11/2, 13/2

4 50,974.26(20) 7/2,9/2, 11/2

5 50,909.41(20) 7/2,9/2, 11/2

J =9/2 and an Al at 50,909.41 cm™! (orange) were
explicitly proven not to be affected by an intentional
plutonium admixture; when the sample with a simi-
lar amount of Np and Pu was tested, the Pu, which
is much more volatile than Np or U and thus causes
more background, was fully suppressed. This verifica-
tion makes them perfect candidates for fundamental
studies of lowest-abundance short-lived isotopes of Np
as well as for trace analysis. In both cases, the occur-
rence of a large surplus of the neighboring elements,
e.g., U or Pumust be considered. From the scans of four
different first excitation steps, as presented in Fig. 4, we
derive that excitations into the four intermediate lev-
els show experimental linewidths of maximum 1.3 cm ™!
for the J=13/2 transition, values around 1 cm~! for
the two J=11/2 transitions, down to 0.5 cm™! for the
J=9/2 transition (FWHM). Aside from a small contri-
bution from saturation broadening, caused by a possi-
bly slightly too high laser power chosen for one or the
other of these strong transitions, this finding is ascribed
to a particularly large hyperfine structure (HFS) in the
excited state for J=13/2. As will be discussed in detail
in a forthcoming paper [22], where we have studied this
effect in the two ground-state transitions at 398.80 nm
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Fig. 4 Line profiles of the four first excited steps into
energy levels at 25,075.15 ecm™* (J = 13/2), 25,551.93 cm !
(J = 11/2), 25,342.48 em™' (J = 11/2) and 25,277.64
em™! (] =9/2)

and 395.61 nm using high-resolution spectroscopy. The
overall width of the HFS in the first one to the J = 13/2
intermediate level amounts to more than 1 cm™!, while
the most significantly narrower peak of the transition
to the J = 9/2 level is caused by a HFS of less than
0.5 cm ™1, fully explaining the values obtained here. The
experimentally determined energies of all four FES are
in full agreement with the literature values from Blaise
et al. [23].

Lifetimes of the FES were assessed by measuring the
decay of the FES population. This was achieved by
introducing a well-controlled delay between the second-
step laser and the first-step laser and recording the
decrease in the ion signal as a function of delay time.
The corresponding temporal decay of the population
in the excited state is plotted against this difference
between the laser pulse settings in Fig. 5. After a start
sequence, representing the rapid growth and decline
of the laser pulse, it follows the expected exponen-
tial. It is important to note that, correspondingly, this
method for determining lifetimes is not suitable for life-
times significantly shorter than the laser-pulse dura-
tion (= 50 ns). On the other hand, lifetimes longer
than approx 3 us are also inaccessible, due to the mean
free path of the atoms in the source, which affects and
falsifies the result [24]. Consequently, we were unable
to determine the very short lifetime for the FES at
25,075.15 cm~! (Fig.5), where we only give an upper
limit. The lifetimes of the FES at 25,342.48 cm™! and
25,277.64 cm~! were determined to be 230(12) ns and
173(9) ns, respectively. These values represent the aver-
ages obtained from measurements conducted with two
distinct laser power levels of 100 mW and =~ 370 mW
of the first step laser to avoid any possible influences
caused by saturation.
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4 lonization potential

The first attempt to determine the ionization potential
of Np applied in this work involved measurements of
ionization spectra in a range of about 350 cm™! below
the ionization potential in search of Rydberg series,
which could give the IP as a convergence limit. The
collected data are given in Fig.6 in a similar way as
the scans above the IP in Fig.2, but using logarith-
mic intensity scaling to account for the appearance of
weak peaks and structures, which might relate to Ryd-
berg series. All the spectra show numerous resonances
within a very rich and heavily complex structure of
three orders of magnitude dynamical range; however,
no evident pattern that could be assigned to a Rydberg
series to deliver the IP was observed. In addition, by
using only the scanning laser without first-step excita-
tion, it was verified, that the majority of peaks observed
relate to artifacts, caused by alternative first-step exci-
tations with subsequent non-resonant ionization. Fur-
thermore, correlations between remaining peaks, which
could have been used for assignment of the angular
momentum J, were only found in few case. Thus, no
further analysis of the positions, widths, and intensi-
ties of these structures has been performed.

As a consequence, an alternative method was worked
out and the IP was determined using the saddle point
model, as extensively discussed by Littman et al. [25].
This approach utilizes the ionization of highly excited
states just below the expected IP within a static elec-
tric field. For that purpose, the FI-LIST was installed
at RISIKO, modifying the conventional laser ion source
[15]. In an external field, ionization appears at a thresh-
old Wy described by

Zeﬂ‘egF
Ws=1P — 24| —— 3
; 4meq 3)

where the effective charge of the atomic core is Z.g,
and the external field strength is F. Equation3 can
be simplified for highly excited states, by assuming
Zegr = 1, resulting in W, =1IP — 6.12(V - cm)_l/2 -VF.
Hence, the IP can be determined through the precise
measurement of a suitable number of field ionization
thresholds W, and extrapolation to zero-field condi-
tions.

The scheme via the FES at 25,075.15 cm ™! with J =
13/2 was used for the field ionization measurements,
as it delivered a significantly higher count rate com-
pared to any other scheme investigated. An overview
of the second-step laser scans performed in a range
of about 120 em™! below up to slightly above the
IP under various electric field strengths is depicted in
Fig. 7, in linear y-scaling. The a) trace is obtained with-
out any electric field. There, the ionization was induced
by non-resonant processes, e.g., by black body radia-
tion, collisions or non-resonant photons. It compares
well to the relevant part of the similar spectrum shown
in blue in Fig6, measured with the conventional laser

@ Springer



50 Page 6 of 9 Bur. Phys. J. D (2024) 78:50
1400 250 100
1200 o, J=13/2 0 1=11/2 1=9/2
— ° 200 ° 80
T 1000 e
)
9 800 . 1<50ns 150 1=230(12) ns 60
c ) )
g 600 100 40
5 400 ) " o y
200 . — e -
0 000® © 0 R o it 0
-50 0 50 100 150 -200 0 200 400 600 0 200 400 600

lonization pulse delay (ns)

lonization pulse delay (ns)

lonization pulse delay (ns)

Fig. 5 Lifetime measurements for the first excited levels at: a 25,075.15 ecm™" (J = 13/2), b 25,342.48 cm™* (J = 11/2),
and ¢) 25,277.64 cm ™! (J = 9/2) measured with a laser power of 100 mW. The ion signal was recorded three times for each
excited state to enhance statistics and later fitted with an exponential function. Additional details are provided in the text

)

s e NN N a)
] relocated one laser (1+1)

o

<)

P T ket WY WY e T VO o A 1Y
:‘é‘ VIt BT s Wi o g g Ry o relocated one laser (1+1)

=1

8 s v —— vV L c)
—_ 3

8 '}WWWWM . , . ___relocated one laser (1+1)

Ju 50200 50250 50300 50350 50400 50450 50500

S i one laser (1+1) N d)
S il e b oy Y il Vg o o g ey o
g 49900 50000 50100 50200 50300 50400 50500 IP

Wave number (cm™1)

Fig. 6 Spectra of neutral neptunium acquired by scanning the second-step laser just below the IP for the three distinct
FES at 25,075.15 cm ™" (J = 13/2) (blue graph in a), 25,342.48 cm™' (J = 11/2) (green graph in b) and 25,277.64 cm™*
(J =9/2) (orange graph in c¢). The lowest trace is a scan of a single laser (d), which is also indicated in dark red color as
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within the plots is achieved by dividing the scan width of the 1+ 1" excitation by two and adding the individual first-step
energy of the respective two-step excitation. This eases the determination of artifacts in the scans. Notably, there is no

noticeable presence of a Rydberg series in these spectra

ion source but exhibits somewhat reduced line intensi-
ties. For this reason, the scan was accordingly recorded
at a higher atomizer temperature to increase the signal-
to-background ratio. The b) trace represents resonances
induced only by the second laser, which appear as arti-
facts in the a) spectrum too. Importantly, these reso-
nances remain unaffected by the presence of an electric
field because their excitation energy actually exceeds
the IP. The ¢) to g) traces, given in blue color, show
scans performed under different electric fields. It is evi-
dent that a higher electric field results in a shift of
the ionization threshold toward lower energies. Struc-
tures lying above the ionization threshold are preserved
independent of the field strengths, showing no signifi-
cant influence of Stark splittings or shifts. This behav-
ior was similarly observed in the early spectroscopic
studies on actinides by Kohler and colleagues [8,11].
The same behavior was also observed in Pm [12] and
it suggests the absence of strong Rydberg peaks in the
spectra, which would be influenced significantly by elec-
tric fields due to their high polarizability, as observed
similarly, e.g., in Yb [15].
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For the investigations on the IP, we explicitly stud-
ied 12 peaks marked with green lines (see Fig. 7) in the
range from 50,454 cm ™! to 50,526 cm ™! within electric
fields between 2 and 184 V/cm strength. This region is
significantly closer to zero field conditions and thus the
IP than the one used in the studies by Kohler et al. [11],
where they had to use electric field strengths as high as
60 to 340 V/cm for proper operation conditions of the
used TOF mass spectrometer. This proximity to zero
field reduces influences from improper systematic field
determination and error contributions from an extrap-
olation over a wide range. As it was impossible to scan
the field via addressing both electrodes involved, i.e.,
electrodes two and three (see Fig.1), of the FI-LIST
structure at the same time but in opposite directions,
two different scans were carried out for each resonance
marked in Fig. 7. Either electrode two was scanned with
electrode three set onto the central value of the desired
range but with opposite polarity or vice versa. An illus-
tration for the two voltage scans for the energy level at
50,474.22 cm ™1 is provided in Fig. 8. The data shown in
Fig. 8a correspond to the scan using electrode two, while
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ditions. The top (red) trace represents the laser scan taken
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resonances. The lower traces (blue scans) represent the laser
scans conducted at different electric fields F', with the cor-
responding electric field value indicated on the right side.
The green dashes denote the peaks chosen for the detailed
field scans

Fig. 8b shows the scan of electrode three, showing the
good agreement among the obtained curves. In none of
the twelve cases, any significant discrepancy outside the
errors was observed except for a difference in the back-
ground level. This is ascribed to the background arising
from electron-impact ionization, which was specifically
induced by the field settings when scanning electrode
two and could not be suppressed fully in the measure-
ments. It was addressed by conducting additional mea-
surements with detuned lasers. This allowed us to sub-
tract any disturbing trend of this background from the
data.

The measured ionization thresholds can be precisely
reproduced by a sigmoid function S(F), effectively cap-
turing the convolution of the expected step function
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with the Gaussian profile of the peak shape

Ay
S(F):AO'f‘m, (4)
with an offset Ay, amplitude Ay, exponential coefficient
k determining the width, and turning point Fp. The
latter is identified as the ionization threshold for the
corresponding excitation energy, following the detailed
discussion and arguments given e.g. in [12]. In order
to determine the IP, the parameters of W were eval-
uated as a function of v/F, as presented in Fig. 9. The
data points given in orange and red correspond to the
scans conducted with variations of electrode two and
electrode three, respectively. As pointed out above and
visualized in the inlays of Fig. 9, individual data points
from both scans are in perfect agreement and con-
firm the expected linear trend. A fit according to Eq.3
resulted in

WE = 50,535.54(15) cm
—6.029(9)(Vem) /2 . VF. (5)

That indicates an IP of 50,535.54(15) c¢m™!, which
is in excellent agreement with the literature value of
50,535(2) cm ™! [11]. The line slope is slightly smaller
than the value of 6.12 (V cm)~'/2 expected from the
saddle point model, which was also previously reported
and explained when characterizing the FI-LIST [15].
This fact has already been discussed in the literature,
notably in references [12,26]. It could be attributed to
determining the separation distance between the elec-
trodes defining the electric field incorrectly by about
0.1 mm. An alternative explanation attributes the find-
ing to the Stark effect, which is not considered in the
simplified saddle point model. Regardless of the ori-
gin, it is important to note that the electrode spacing
solely affects the slope of the line and does not mod-
ify the y-axis intersection, which represents the IP. For
all examined voltage configurations, simulations using
the SIMION code [27] were performed within a £2mm
range from the central interaction point of the ioniza-
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Fig. 8 Electric field ionization thresholds obtained by scanning electrode two—a trace and electrode three, b trace for the
energy level at 50,474.22 cm™'. For more information see the text
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Fig. 9 Extracted ionization thresholds as a function of the
square root of the electric field. The thresholds are repre-
sented by orange and red points, depending on whether the
electrode two or three was scanned, respectively. The blue
line corresponds to the fitted curve for all presented data.
The insets display an enlarged view of the deviation between
the data points and the fitted line, with a magnification fac-
tor of 20x for regions 1-3, and 25x for the others

tion region for consideration of a possible misalignment
of one or both lasers or possible field disturbance by
geometric effects. In all cases, the deviation between
simulated electric field strength and nominal is well
below 1%. It just starts to deviate for the lowest val-
ues of around 4 V/cm. Corresponding corrections are
included in the presented data and errors.

5 Conclusion and outlook

Extensive studies in the atomic spectrum of neutral
neptunium were carried out by two-step laser resonance
ionization spectroscopy to search (i) for Rydberg and
auto-ionizing levels, (ii) to determine efficient excita-
tion schemes for fundamental investigations and trace
analytics, and (iii) for a re-determination of the ioniza-
tion potential. Three first-step transitions to different—
J intermediate levels were investigated including the
determination of their lifetimes. Scans below and above
the TP were performed. Below the IP an especially rich
and strongly fissured structure was found, which pre-
vented the identification of the Rydberg series or any
useful analysis of individual level positions. Based on
the three first excitation steps, seven reasonably effi-
cient ionization schemes leading above the IP, which are
connected to different auto-ionizing resonances of even
parity were identified and characterized. Some schemes
were tested for the relative suppression of Pu and were
found to be good candidates for ultra-trace analysis
as well as for fundamental studies of lowest-abundance
short-lived Np isotopes, i.e., regarding isotope shift or

@ Springer

Eur. Phys. J. D (2024) 78:50

hyperfine structure measurements. The different first
excitation steps were investigated in more detail by
determination of their lifetimes and the line profiles.
To re-determine the IP of neptunium, the electric
field ionization method based on the saddle point model
was employed, yielding a value of 50,535.54(15) cm™!.
This result is in excellent agreement with the current
literature value of 50,535(2) cm™! derived by Ké&hler
et al. [11], and represents an improvement in precision
by more than an order of magnitude. The good agree-
ment confirms the former measurements by Kohler et
al. and proves that the newly developed FI-LIST source
unit is a well-suited tool for IP measurements of com-
plex and rare elements. Its application at on-line and
off-line radioactive ion beam facilities, e.g., ISOLDE at
CERN, and ISAC at TRIUMF, is foreseen for further IP
investigation on other exotic atomic species. For future
experiments, a reduction of background stemming from
electron impact ionization is planned by establishing
a fixed electron repeller potential relative to electrode
two, for instance, setting |Ul| = U2—offset, for which
the optimal offset value still needs to be determined.
Additionally, we could easily implement a time-gated
data acquisition relative to the laser pulse, furthermore
significantly reducing background from continuous sur-
face ionization or dark counts of the detector [18]. When
employing this method, it is crucial to account for ions
reaching the detector earlier at higher electric fields.
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Abstract Nuclear ground state properties of 237-23Np

were investigated by high-resolution laser spectroscopy at the
RISIKO mass separator off-line radioactive beam facility of
the University of Mainz. The isotope shifts and the hyper-
fine parameters were determined in two different atomic
ground-state transitions at 398.80 nm and 395.61 nm. The
data allowed for calculation of the so far unknown nuclear
moments of the short-lived isotope 2°Np, i.e. the nuclear
magnetic dipole moment of 17 =+3.18(2) u v and the electric
quadrupole moment of Qg=+4.05(8)eb, using the known
nuclear moments of 237Np as a reference, which were deter-
mined by electron paramagnetic resonance and investigations
of muonic X-ray hyperfine structures, respectively.

1 Introduction

Nuclear ground state properties such as spin and electromag-
netic moments as well as variations in mean square charge
radii within an isotopic chain are highly relevant parame-
ters to describe nuclear shell effects and deformations all
along the nuclear chart and can serve as sensitive tests for
nuclear models [1]. They can be determined with great preci-
sion using high-resolution laser spectroscopy [2]. This tech-
nique, which resolves the minor effects of hyperfine struc-
tures and isotope shifts in the optical resonance lines, has
been refined in recent years towards both, remarkable preci-
sion as well as high sensitivity for studying minute sample
sizes. Today, not only stable but also short-lived and exotic
isotopes generated at various radioactive ion-beam facilities

2 e-mail: mkaja@uni-mainz.de (corresponding author)

Published online: 01 July 2024
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and nuclear reactors are accessible [1,3]. A specific region of
interest for application of high-resolution laser spectroscopy
is found in the range of the heaviest elements of the Periodic
Table, i.e. the actinides and transactinides, where the stabil-
ity of nuclear matter relies significantly on stabilizing shell
effects. On the other hand, experimental data in this range of
the nuclear chart, which would also validate theoretical esti-
mates towards the description of the superheavy elements,
are very scarce. Here we report on studies on the actinide
element neptunium using resonance ionization mass spec-
trometry (RIMS). This technique has recently been adapted
for high-resolution applications on rare radioisotopes [4] and
has specifically been applied to actinides, both on-line [5] and
off-line [6].

With an atomic number of Z = 93, neptunium is the first
transuranium element. Naturally, it is occurring only in trace
amounts as decay products from transmutation reactions in
uranium ores. McMillan and Abelson discovered neptunium
in 1939 [7] by subjecting 233U to neutron bombardment. This
led to the formation of the short-lived isotope 239Np (tiy2 =
2.356 d), which decays to 23°Pu. Two years later, the signifi-
cantly longer-lived neptunium isotope 23’Np (t; 2= 2.1-10°
y) was initially produced by Wahl and Seaborg through the
bombardment of 238U with fast neutrons [8]. Today, Np iso-
topes are a dominant by-product of the nuclear fuel cycle
with the production of ~10kg of 23’Np in each conventional
pressurized water reactor annually [9]. Moreover, about 3
tons of 23’Np were released globally by mankind into the
environment by above-ground nuclear detonations in the late
20th century [10]. Due to the very long half-life of 23"Np,
it is essential to monitor nuclear waste repositories and their
long-term performance specifically regarding 23’Np, which
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serves as an additional second motivation for the spectro-
scopic work described here.

The technique of RIMS, applied here for investigation of
nuclear ground state properties in Np, has proven to be also
suited as a sensitive and selective non-radiometric analytical
technique for ultra-trace analytics in actinides and specifi-
cally 23’Np [11-13]. 2*Np could serve as a suitable tracer
for precise quantification, which can be obtained as the alpha-
decay daughter of >*> Am or alternatively from neutron irradi-
ation of 233U. However, its short half-life makes it an expen-
sive and time-consuming option, as it has to be prepared and
standardized on a weekly basis [14]. Its application in RIMS
analytics thus relies on identifying ionization schemes with
high elemental selectivity and the identification of isotope-
related effects like hyperfine structures (HFS) and isotope
shift (IS). Due to the large splittings and shifts observed in
neptunium [ 15], unlike to most other elements, this becomes
particularly important.

Already in 1977, a notable number of optical transitions in
neptunium were categorized and hyperfine structure param-
eters for some of them were determined by Fred et al. [15].
Their experimental setup involved the analysis of a Np dis-
charge at the 9m Paschen-Runge spectrograph at Argonne
National Laboratory together with Fourier transform spec-
troscopy at the Laboratoire Aime Cotton at Orsay. The pre-
cision of the HFS parameters .4 and [ is not quoted in the
paper. Considering the linewidths achieved by Fred et al.
[15] of about 1 GHz, we estimated the errors to be in the
order of 10 MHz for A and 300 MHz for B. These estimates
were obtained by fitting artificially generated data with this
linewidth and suitable other parameters.

In this work, we report on two-step resonance ionization
spectroscopy performed on both isotopes 237-23Np. The high
resolution was accomplished by using a perpendicularly illu-
minated laserion source and trap (PI-LIST) unit at the off-line
mass separator RISIKO of Mainz University [5, 16]. The HFS
for both isotopes was studied in two different atomic ground-
state transitions, which allowed for the determination of the
nuclear moments of 23?Np and the extraction of the isotope
shift between 23’Np and 2*°Np in these transitions.

2 Experimental setup

Neptunium samples were prepared at the Department of
Chemistry - Nuclear Chemistry, TRIGA site of the Uni-
versity of Mainz. 23’Np was available as a stock solution,
while 2*’Np was produced by irradiation of 233U at the
research reactor TRIGA Mark II Mainz and chemically puri-
fied through anion exchange column chromatography as
described in [17]. Samples containing about 10'3 atoms of
237Np and 10! atoms of 2*Np in nitric acid solution were
deposited onto a 4 x 4mm? zirconium carrier foil and evap-

@ Springer

orated slowly under an infrared lamp. As had been inves-
tigated in test measurements, Zr as a reduction agent com-
bines optimum evaporation of Np atoms with good durabil-
ity under high-temperature conditions. The folded foil was
inserted into the atomizer cavity of the RISIKO mass sep-
arator ion source [18]. A simplified sketch giving the spec-
troscopy components of the setup up to the PI-LIST unit
is presented in Fig. 1. The atomizer was resistively heated
gradually up to an evaporation temperature with a maximum
around 2000 °C, ensuring smooth evaporation of Np. The
evaporated neutral atoms drift towards the front end of the
cavity to enter the PI-LIST as an atomic beam, which is well
suited for high-resolution spectroscopy. The PI-LIST has two
repeller electrodes facing the atomizer and a radiofrequency
quadrupole (RFQ) ion guide structure with a free field radius
of 7.5 mm, a rod diameter of 10 mm, and a length of 45 mm.
The repeller electrodes suppress background stemming from
electrons emitted from the hot atomizer or surface ionized
species. Inside the RFQ structure, the atomic beam is inter-
sected by the beam of the spectroscopy laser entering the vac-
uum chamber through a window at the side of the ion source
in a perpendicular geometry to substantially reduce Doppler
broadening. The interaction region is located at a distance of
just a few millimeters from the atomizer. To further reduce
the Doppler width, the second laser beam, inducing the ion-
ization transition is entering through a window in the mass
separator magnet, in this way overlapping the atom beam in
an anti-collinear manner. This configuration selects a narrow
velocity class of atoms and narrows the effective opening
angle within the interaction region to a minimum. A down-
side of this geometry is a reduction in ionization efficiency
by a factor of about 100 compared to standard in-source laser
ionization [16], for which this value is in the order of 10%.
The ions created inside the RFQ structure are confined by the
guiding RF field and transported towards the exit electrode of
the PI-LIST to be accelerated to 30 keV. Subsequently, they
undergo separation in the 60° sector field magnet based on
their mass-to-charge ratio. In this process, adjacent masses
are eliminated by a separator slit in the focal plane of the
magnet. Typically a mass resolving power of M /AM =~ 600
is realized. Finally, the ions are counted on a MagneTOF
single ion detector. To further suppress background, time-
resolved acquisition of the created ions was employed using
a multichannel analyzer. Due to the pulsed laser ionization,
the ion beam features a bunched structure with 20 us width
and 100 pus period. Counts from ions that are detected out-
side the expected time window are rejected, thus reducing
the time-independent background by a factor of five.

Two different two-step resonant ionization schemes,
labeled (A) and (B), were investigated in this work. Tran-
sition wavelengths, corresponding to the reciprocal of the
wavenumber differences, are explicitly given in [19] as well
as below in the text.
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Fig. 1 Partial experimental sketch, including the pulsed broadband Ti:sapphire laser for the ionization, the pulsed injection-locked Ti:sa laser
seeded by cw Ti:sapphire laser employed for spectroscopy, along with the PI-LIST ion source. Abbreviations are given in the legend on the right

(A) 0cm™! — 25075.15cm™! — 50813.6cm™!
(B) 0cm™! — 25277.64cm™' — 50909.4cm~!.

The ground state has an electron configuration 5 f*6d7s>
oL /2. For both first excited states, the detailed electron
configuration is unknown, while the total angular momen-
tum is known to be J = 13/2 for scheme (A) and J = 9/2
for scheme (B). The choice of the second step, in both cases
leading to strong autoionizing levels just above the ioniza-
tion potential of P, = 50 535.54(15) cm~! [19], took into
account the presence of the daughter nuclide of 23°Np, i.e.
239py, to guarantee for suitable elemental selectivity. The
corresponding studies are detailed in a separate work [19].
The 398.80nm and 395.61 nm for the first steps of schemes
(A) and (B) were generated using the narrowband spec-
troscopy laser, namely, a pulsed injection-locked Ti:sapphire
laser, arranged in a bow-tie configuration and delivering high
power pulsed laser radiation with a bandwidth of about 20
MHz [20]. It was seeded by a custom-built direct diode-
pumped cw Ti:sapphire laser [21,22]. To create the second
harmonic, the laser light from the spectroscopy laser was
focused into a BBO crystal placed outside the cavity for sim-
ple single-pass transmission. That resulted in an output power
of about 100 mW. To enhance the spatial interaction volume
with the effusing atomic beam, the laser beam of typical ver-
tical height of 2mm was expanded horizontally to approxi-
mately 2 cm in width in front of the PI-LIST, creating a large
overlap area with the ionization laser beam of about 2mm
in diameter. A High Finesse WSU-30 wavelength meter was
used for frequency measurements of the fundamental wave-

4

lengths. It was regularly calibrated to an ECDL, locked to
the F = 2 — F' = 3 transition in the D, line of 37Rb near
780 nm via saturated absorption spectroscopy. A similar tech-
nique was used in high-resolution spectroscopy in Cf [6] and
Pm [23]. The 388.52nm for the ionizing step of the scheme
(A) was generated using a standard Z-shaped Ti:sapphire
laser with a spectral linewidth of 5 GHz, and a typical pulse
length of 50 ns [24]. The laser light was frequency doubled by
an intracavity frequency doubling process within a beta bar-
ium borate (BBO) crystal. That resulted in an output power
of up to 1 W in the range of 360-400 nm. The 390.14 nm for
the ionizing step of the scheme (B) was produced by a spe-
cific high-power Ti:sapphire laser equipped with two gain
crystals delivering a laser power up to 3 W, while maintain-
ing similar spectral, spatial, and temporal beam quality of a
standard laser system. The lasers were pumped with 15 W,
respective 30 W for the double crystal laser, of a Nd:YAG
laser operating in frequency-doubled mode at 532 nm with a
10 kHz repetition rate.

3 High-resolution spectroscopy

The HES of 237-23%Np and the isotope shift between these two
isotopes were measured in the ground-state transitions of the
two ionization schemes (A) and (B), as presented in Fig.2.
The nuclear spins of 23"-23Np are identical with I = 5/2.
Because of the vector coupling of the angular momentum
J of the atomic shell and this nuclear spin I, according to
F=17 + I , each one of the examined atomic states splits

@ Springer



140 Page4of 7

Eur. Phys. J. A (2024) 60:140

B 1.0 0-
£ -
> 0.84 0.8
sl
S 0.64 0.6
2
% 0.4+ 0.4
v -
202 0.2
o
0.0
T T T T 00- T T T T T
—30000 —20000 —10000 0 10000 20000 —15000 —10000 —-5000 0 5000 10000
7 107 ()
B Np : 37Np
g 0.8 0.8
a
E 0.6 0.6
(5]
8
c 04 0.4
S |
g 0.21 0.2
B 0.0 0.0
—30000 —ZOIOOO —ldOOO (I) 10(!)00 20000 —15000 —IOIOOO —S(I)OO (I) SOIOO 10(I)00
Relative frequency (MHz) Relative frequency (MHz)
Al (A) _ Al (B) =
T F=9 ) F=7
25075.15cm? 25227.64 cmt !
J=13/2 J=9/2
F= F=
A 398.80 nm B 395.61 nm F=g
Ocm™? ) Ocm?
5f46d7s26L 1, 5f46d7s26L 1172
F=3 F=3

Fig. 2 Measured transitions for 237-23Np. The hyperfine spectra in
the ground state transition of scheme (A) at 399 nm on the left side
and scheme (B) at 396 nm on the right. The hyperfine splitting of the

into 6 HFS sub-levels with | I — J |< F < I + J. The
energetic position of the hyperfine sub-levels is given by the
HFS formula

AEHFS:AEM-FAEQ
_AC  B3C(CH+D =21+ DI +1D
2 4 IQI—1DJQRJ —1) ’
)

where C=F(F+1)—-JWJ+1)—-1U+1)[1]

This results in 15 permitted transitions between the ground
and excited states, determined by the selection rules AF =
0, 1. For 2°Np, 10 lines were experimentally observed
as well visible peaks in each scheme (A) and (B), whereas
for 27Np 13 and 11, respectively, were observed. The laser
power of the spectroscopy laser was reduced to about 20 mW
as it was tested to be a good compromise between effi-

@ Springer

atomic ground and respective first excited state are given below for
23TNp indicating the permitted hyperfine transitions by blue arrows.
The Np ionization potential is IPNp = 50 535.54(15)cm™ [19]

ciency and linewidth. The ionization laser was limited to
about 450 mW to avoid background resulting from non-
resonant ionization. The only exception was the measure-
ment of 2*Np using scheme (B), where the laser power of
the ionization laser was set to 3.5 W. This was necessary
due to the slightly lower efficiency of this scheme and the
limited amount of 23Np in the sample. For the stronger tran-
sition at 398.80 nm in the scheme (A), a linewidth of approx-
imately 190 MHz was recorded, whereas for the transition
of 395.61 nm, it was about 120 MHz. Both linewidths could
have been improved by further reducing the power in the
spectroscopy laser, although this would have reduced statis-
tics and impeded the observation of the smallest peaks.

The analysis of the spectra was performed using the
SATLAS?2 python package [25,26]. Line shapes were fit-
ted with Voigt profiles and Racah coefficients were taken

5
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Table 1 Extracted parameters for 23723Np isotopes for different atomic energy levels. The determined Aexp and Bey), parameters for 2TNp are

compared with the previously reported values A;;; and By, from Ref. [15]

237 Np 239Np
State E(cm™ 1) J Aex, P Bexp Al Biis -Aexp Bexp
GS 0 1172 776.08(20) 928(10) 778 645 785.59(39) 955(10)
FES A 25075.15 1372 1470.09(18) 323(8) 1470 264 1487.43(34) 346(10)
FESp 25277.64 9/2 570.08(22) -302(9) - - 577.01(47) —311(11)

The errors of literature values were estimated by us to be in the order of 10 MHz for .4 and 300 MHz for B based on the 1 GHz linewidths, as

discussed in the text. The HFS parameters are given in units of MHz

for initial line intensity settings. For the optimum match,
the intensities were converted to free parameters after iden-
tification of the individual HFS components to account
for contributions of optical hyperfine pumping and varia-
tions in the ion beam strength. The HFS parameters deter-
mined from the measured hyperfine spectra are summa-
rized in Table 1. Three and two individual spectra per
scheme were taken for 23’Np and 23°Np, respectively, and
were jointly fitted with shared parameters of the ground
state. The upper state parameters were also shared for the
respective measurements of the same transition. A varia-
tion in the spin assignment from the expected values of
5/2 towards 3/2 or 7/2, respectively, for both isotopes was
tested in the evaluation but did not lead to reasonable
reproduction of either the HFS patterns or the extracted
HFS parameters. Thus a nuclear spin of 5/2 was con-
firmed.

The obtained A parameters for 23’Np are in very good
agreement with the values obtained by Fred et al. [15]. That
is not the case for B parameters. However, a HFS simulation
showed that for linewidths well above 1 GHz as accomplished
by Fred et al., the finer structures of close-lying double peaks
are not resolved. A simulated HFS structure with our param-
eters and that linewidth is almost indistinguishable from the
HFS measured by Fred et al. explaining the large discrep-
ancy in 5. Compared with each other, the HFS parameters of
the 237-2Np isotopes do almost not differ at all. This find-
ing is well understood by the fact, that both isotopes share
the same nuclear ground state configuration based upon the
nuclear spin / = 5/2" and the similar Nilsson orbital [642].
A detailed discussion on this aspect is given in [27].

Regarding the nuclear ground state properties of Np, the
nuclear moment was only known with reasonable precision
for Z7Np so far. That nuclear magnetic dipole moment was
determined using electron paramagnetic resonance to be /¢y
=+3.14(4)u y, as recalibrated by Stone [28] from the orig-
inal data of [29]. The electric quadrupole moment is Qg
= +3.886(6) ¢b as derived from the studies of muonic X-
ray hyperfine structures [30]. With these values, the nuclear
moments for 22*Np were determined from the extracted HFS

76

parameters of this work using the relations

A 1
= — . 2
mr Arer Ireflu,re/ (2)
05 = 5 Qs ref 3
s = Bref s,ref

with 237Np as reference isotope, giving p; = +3.18(4)un
and Qg =+4.05(2) eb. The values were determined from the
three individual .A and B factors, respectively, using the prop-
erly weighted average. As expected, the results are almost
identical to the nuclear moments of 23’Np, confirming the
almost perfectly identical nuclear structure of both isotopes,
as pointed out in [27].

Another spectroscopic parameter affected by nuclear
structure is the isotope shift, which represents the frequency
shift v in an atomic transition i between the two isotopes
with mass numbers A and A/,

AN _ A A
st =t — vt C))

Values for the two ground state transitions studied
were extracted from the measured spectra to be 811323;’[12;9
= —8168(17) MHzand §v55, 2" = —7892(13) MHz. The
lower transition frequency of >>’Np compared to 23"Np indi-
cates that most likely an s-p transition takes place in both
cases, in which the s electron is more tightly bound in the
smaller nucleus, which is known to be 237Np due to the almost
identical nuclear moments. For very heavy nuclei with A >
200 the isotope shiftis predominantly caused by the change in
the mean-squared charge radius 8(r?) = 8v/ F398/395 of the
nucleus, while a mass shift effect, caused by the very small
relative mass difference amounts to only a few ten MHz. The
ratio is given by the electronic factor F' of the correspond-
ing atomic transition [1]. Due to the missing assignment for
the two excited levels under study and, correspondingly, no
suitable guess for the F-value, an extraction of the value of
8(r2)y7.239) was not attempted. Furthermore, to our knowl-
edge, there is no experimental or theoretical data on absolute
charge radii of neptunium available. A future study, involving
also additional isotopes on Np should thus aim for involv-
ing theoretical support on electronic factors as connection
between atomic and nuclear parameters.

@ Springer



140 Page 6 of 7

Eur. Phys. J. A (2024) 60:140

4 Conclusion and outlook

‘We conducted an investigation of the hyperfine spectra within
two atomic ground state transitions of the neptunium iso-
topes 23"Np and 2**Np. This led to the precise determination
of hyperfine parameters and isotope shifts. Furthermore, the
magnetic dipole and electric quadrupole moments for the
isotope 23Np were determined with high accuracy for the
first time, exhibiting a very weak and smooth development
of nuclear shape. Through this work, we have laid a founda-
tion for future high-resolution spectroscopic experiments at
radioactive ion beam facilities targeting more exotic nuclei
in the chain of Np isotopes and neighboring actinides, which
are available only in on-line experiments. The PI-LIST ion
source, which has recently undergone tests for online applica-
tions, holds promise for such studies [5]. Our findings are also
valuable for RIMS measurements of neptunium contents in
environmental samples by providing the necessary spectro-
scopic data for the prediction of line positions and hyperfine
patterns from the determined nuclear moments and isotope
shifts for the use of 23Np as possible reference isotope for
quantification.
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Conclusion and Outlook

This dissertation presents the development and application of the analytical tech-
niques TOF-SIMS, RIMS and rL-SNMS for the study of (geo-)chemical interactions
of Pu and Np materials in the context of long-term nuclear waste disposal in a DGR.
The results have been published and included in this thesis in the form of five peer-
reviewed publications, that span over a wide variety of topics and showcase the
interdisciplinarity required for advancing modern analytical techniques.

Publication I describes the development and first application of rL-SNMS for
the study of interactions between Pu and materials relevant for the safety case of
a DGR. Based on the work of Erdmann et al. [57], the existing Ti:Sa laser sys-
tem for RIMS measurements in the Nuclear Chemistry in Mainz was coupled to
the commercial TOF-SIMS III and the selectivity of resonance ionization success-
fully applied for the post-ionization of sputtered neutral Pu from conducting and
non-conducting samples. RL-SNMS was successfully used for the observation of
the spatial distribution of Pu on hardened cement paste samples, as well as pyrite
particles. Due to the selectivity of rL-SNMS, it was possible to isolate the Pu
signal and exclude possible isobaric interferences , as well as to quantify the back-
ground of a measurement. This demonstrated the capabilities that rL-SNMS adds
to traditional TOF-SIMS measurements by addressing its shortcomings.

Based on the results of publication I, in publication II the combined approach of
TOF-SIMS and rL-SNMS was used for the study of the diffusion of Pu in the host
rock system Opalinus Clay. Using both methods in combination, it was possible
to resolve the composition of OPA at the micrometer scale and at the same time
observe correlation and colocation of the minerals with Pu, therefore delivering
important information about geochemical interactions. In particular, “hot spots” of
Pu correlating with Fe and Ca were observed. This supports findings in literature,
that identified the OPA mineral pyrite as being involved in the retention of Pu.
By measuring the distribution of Pu along the interface between the sample and
the Pu containing reservoir, it was possible to observe the diffusion profile of Pu
in an OPA sample via TOF-SIMS and rL-SNMS. Traditionally, these profiles are
accessed by abrasive peeling which not only is followed by time consuming analysis
via classical radioanalytical techniques, but also destroys the sample in the process
and makes it impossible to study which components of the host rock are involved
in the retention. It was demonstrated that it is possible to model the diffusion
profile of Pu obtained via TOF-SIMS and retrieve the apparent diffusion coefficient
D,. Such a parameter is required for the modelling of the long-term behaviour
of the radioactive inventory of a DGR during its lifetime and evaluate the safety
case. With a newly developed sample preparation technique that is tailored to
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Conclusion and Outlook

the strengths and weaknesses of TOF-SIMS and rL-SNMS, it is now possible to
conduct diffusion studies at a larger scale and with faster turn-around times. While
with abrasive peeling the retrieval of a diffusion Pu profile could take weeks, with
TOF-SIMS and rL-SNMS results are available within one to two days. A custom
workflow for the analysis of the TOF-SIMS and rL-SNMS datasets was developed
that allows for quick analysis of diffusion profiles. Both the new diffusion setup and
sample preparation technique, as well as the workflows implemented in computer
codes for analysis, can be directly applied for future diffusion experiments. At the
time of writing, already new experiments studying the diffusion of Np, as well as
the influence of complexing organic ligands on the migration of Pu in OPA, are
ongoing.

Publication III presents the results of the investigation into a novel three-step
excitation scheme for RIMS and rL.-SNMS measurements of Pu by Galindo-Uribarri
et al. and its comparison with the three-step scheme by Griining et al. usually
applied in the Nuclear Chemistry Mainz. This involved the measurement of the
previously unknown isotope shifts for the novel scheme of 23 2192%py  making
it now possible to apply it to these isotopes and to retrieve accurate results in
isotopic ratio measurements, whether for isotopic fingerprinting or the absolute
quantification in environmental samples with an isotopic spike. However, during
this investigation it was shown that the overall efficiency of a measurement does
not only depend on the excitation scheme, but also heavily on the measurement
setup. For example, it was discovered that for both schemes the last excitation step
is not saturated on the RIMS setup for environmental samples and spectroscopic
investigations in the Nuclear Chemistry. Therefore, not all analyte is photoionized
and the efficiency and as a result the limit of detection of measurements could still
be improved. This could be done by applying more laser power in this excitation
step, or by testing different excitation schemes. The latter will be possible with the
currently ongoing upgrade of the Ti:Sa laser system that features Ti:Sa laser with
higher output powers as well as IC-SHG that will allow the application of modern
two-step schemes. Additionally, the work identified pros and cons of the source
region of RIMS setup. This knowledge would be a great basis for the design of a
new system in the future.

Publication IV documents the development of new excitation schemes for RIMS
and rL-SNMS measurements of Np as well as re-measurement of its ionization po-
tential. This was the result of the collaborative effort between the Nuclear Chem-
istry and the LARISSA workgroup of the Institute of Physics at the Johannes
Gutenberg-Universitit Mainz to use *’Np as an isotopic spike for the quantification
of 2*’Np via RIMS in environmental samples. After initial test measurements using
an established three-step scheme in the Nuclear Chemistry had demonstrated the
necessity for the development of more efficient excitation schemes, novel two-step
schemes were developed at the RISIKO mass separator of the LARISSA workgroup.
A special focus was put on the suppression of **Pu, the daughter of *'Np, to allow
the use of these schemes with 2Np as a tracer despite its short half-life. Once the
new laser system at the Nuclear Chemistry is set up, it will be possible to test
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these new schemes and hopefully observe an increase in measurement efficiency.
Furthermore, these schemes should also then allow to observe **’Np in rL-SNMS
measurements of diffusion samples. The new schemes are also a great basis for
current efforts to use **’Np or 2**Np as isotopic spikes for the quantification of
ZTNp. Due to their longer half-life, both would be more suitable candidates as
tracer compared to ***Np. However, they require accelerator facilities and access
to high-purity targets for their production and are not as easily available as **Np
at the TRIGA research reactor Mainz. Additionally, >**Np or ?*Np would require
extensive separation to reach the purity necessary to be applied as isotopic spikes.
With the new more efficient excitation schemes, the RISIKO mass separator could
be used for their purification.

Publication V is the second publication that resulted from the collaborative ef-
forts between the LARISSA workgroup and the Nuclear Chemistry. Here, the
isotope shifts between **’Np and 2*Np for the FES of two of the new two-step ex-
citation schemes were measured. In addition, the hyperfine structure of the FES of
both isotopes was investigated and literature results for *"Np confirmed. For **Np,
the magnetic dipole and electric quadrupole were reported for the first time. With
the measurement of the isotope shift between *"Np or ?*?Np, it will be possible to
use the two schemes in a new effort to use **’Np as a tracer for the quantification
of #'Np in the Nuclear Chemistry. Furthermore, when other Np isotopes, such
as **Np or ***Np will be available as isotopic spikes in the future, the new and
more efficient excitation schemes can be used for further investigations into the
fundamental nuclear properties of Np and its isotopes.

In conclusion, this dissertation successfully showcases the application of the com-
bined approach of TOF-SIMS and rLL-SNMS for the study of Pu in the context of
long-term nuclear waste disposal in a DGR and identifies the strengths and weak-
nesses of these techniques. Based on this work it will be possible to improve rL-
SNMS measurements in the future and transfer the experiments conducted to other
radionuclides, such as Np or Tc. The investigations into new excitation schemes
for Pu and Np are the basis for improving rL-SNMS and RIMS measurements of
these important actinides in the future, whether in the context of a DGR, for the
quantification in environmental samples, fingerprinting in nuclear forensic studies
or spectroscopic investigations for fundamental nuclear properties.
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Development, characterization, and first application of a resonant laser
secondary neutral mass spectrometry setup for the research of pluto-
nium in the context of long-term nuclear waste storage
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Figure S1: Laser-SNMS signal of electrodeposited 23Pu on Ti foil for different primary
ion (PI) pulse widths. Binning increment: 0.01
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Figure S2: Laser-SNMS signal of electrodeposited 23”Pu on Ti foil for different laser delay
timings relative to the start of the ion extraction, as observed via an external
pick-up. Negative values indicate a laser pulse before the extraction. Binning

Table S1: Operational parameters for the liquid metal ion gun for both secondary ion
mass spectrometry and laser secondary neutral mass spectrometry at 2.5 mm
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increment: 0.01

distance between extractor and sample

Parameter

LMIG

Emission Current / pA 2

Energy / V
Extractor / V
Lens Source / V
Lens Target / %
X Crossover / %
Y Crossover / %
X Source / %

Y Source / %

25000
9000
3293
68.68
-17.3
7.1
9.5
-12.8




Table S2: Operational parameters for the liquid metal ion gun for both secondary ion
mass spectrometry and laser secondary neutral mass spectrometry at 2.5 mm

distance between extractor and sample

Parameter Laser—SNMS; Laser—SNMs; SIMS
conducting  non-conducting

Extraction delay / ns 1650 1550 0/1165

Bias / V +500 -40/-50 0

Analyzer energy / V 1000 1900 2000

Analyzer acceleration / V 9500 9900 9500

PI pulse width / ns 90 150 6.5-10

Laser timing / ns -150 to 0 -85 -

Raster mode Sawtooth Random Sawtooth/Random

Flood gun No Yes Depending on sample
!THOO.OO Hm 2|—|100.00 pm }—|100:09 L:Imv
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Figure S3: TOF-SIMS mass images for selected elements of the analyzed hardened cement

paste thin section
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Figure S4: TOF-SIMS mass images for selected elements of the analyzed pyrite particle

86



Supporting information publication Il

Felix Berg®, Christopher Sirleaf*, Janik Lohmann®, Markus Breckheimer®, Tobias
Reich®

Johannes Gutenberg-Universitit Mainz, Department of Chemistry - Nuclear Chemistry,
55099, Mainz, Germany

Table S1: Composition and ionic strength of OPA pore water used for the diffusion ex-
periment. Prepared according Pearson et al. [1] without Sr?T due to use for
samples for XRF measurements and possible spectral interferences with the Pu

signal.
Ion concentration mol L~!
Na™ 2.4 %1071
K+ 1.6 x 1073
Mg** 1.7 x 1072
Ca®* 2.6 x 1072
Cl™ 3.0 x 1071
SO;~ 1.4 x 1072
CO3~ /HCO3 4.8 x 1074
[onic strength | ~0.39

Figure S1: Schematic of the diffusion cell setup used in this study. The samples are placed
in a custom designed 3D printed insert in a standard laboratory flask (100 mL
laboratory bottle, narrow neck, with screw cap, VWR Interntional, Leuven,
Belgium). The insert has positions for up to six samples while still allowing
for pH measurement and sampling the solution.
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high

low

Figure S2: Distribution of various matrix elements as observed via TOF-SIMS for a OPA
diffusion sample in contact with 24?Pu for 21d. AlT, Sit and KT are rela-
tively homogeneously distributed and the overall signal intensity follows the
topography of the sample. By contrast the signals for Ca® and Fe™ are more
localized.
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|150 pml
Figure S3:

low

Distribution of various matrix elements as observed via TOF-SIMS for a OPA
diffusion sample in contact with 2?Pu for 35d. AlT, Sit and KT are rela-
tively homogeneously distributed and the overall signal intensity follows the
topography of the sample. By contrast the signals for Ca® and Fe™ are more
localized.
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Figure S4:

90

¢ 242pu diffusion profile including hotspots
1.0 | {  2%2Pu diffusion profile, hotspots removed

o
©
1
—
-t

normalized intensity
o o o
N IS o
L“' — g
e ——
:E;_._
o=
———y
% ——

0.0 A

0 100 200 300 400
diffusion distance / pm

Comparison of a diffusion profile including and excluding ‘hot spots’. The
raw profile was extracted from the distribution of Pu obtained via TOF-SIMS
(Pu™ plus PuO™) for an OPA sample after 35d contact time. The profile
was obtained by summing up the signals in each row from top to bottom in
the distribution (compare Figure 5) for the respective masses. In blue, the
profile includes the ‘hot spots’ which are the result of areas with increased
intensity in the Pu distribution. For the profile shown in orange, the ‘hot
spots’ were masked and excluded from the profile, resulting in a similar trend
to profiles retrieved by abrasive peeling. The data has been binned with a
binning increment of two. Errorbars are calculated as ¢ = v/ N with N the
number of events detected.
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Figure S5: Overview of the six different diffusion profiles obtained from six different
500 pm? to 500 pm? field of views along the interface were the diffusion core
was in contact with the Pu containing OPA-PW reservoir. Error bars are
calculated as o = v/N with N the number of events detected.
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Figure S6: Fit of the averaged Pu diffusion profile for the second diffusion sample (35d).
A total of six separate 500 pm x 500 pm FOVs were measured via TOF-SIMS
along the interface of the OPA diffusion core and the obtained profiles aligned
and averaged. In addition, the averaged profile was binned with a binning
increment of 4.

Table S2: Constants and fit parameters retrieved for the fit of an Pu diffusion profile
obtained by averaging over six FOVs measured by TOF-SIMS.
The averaged profile was additionally binned with a binning increment of 4,
which already changed the retrieved diffusion parameters D, and o compared
to the unbinned profile. However, within the margin of error, D, is unaffected.

Parameter ‘ Value
V / m? 5x 1079
S/ m? 1.96 x 107°
t/s 3024 000
D. / m?s! 6.6(22) x 10712
a /- 1882(565)
D, / m%*s7! | 3.5(16) x 1071

References

[1] F. Pearson, Opalinus clay experimental water: A1 Type, Version 980318, Tech.
Rep. TM-44-98-07, Paul Scherrer Institut, Villigen PSI (1998).
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