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Hevesy Medal 2023 Award Lecture

Melissa A. Denecke

International Atomic Energy Agency, Department of Nuclear Sciences and Applications,
Division of Physical and Chemical Sciences, Vienna, Austria
E-mail: m.denecke@iaea.org

Keywords: actinide chemistry, X-ray spectroscopy, radionuclide speciation

Over the past decades, radionuclide speciation research using innovative X-ray spectroscopy
techniques in combination with classical physical/inorganic methods and quantum chemical
and atomistic modelling has helped improve scientific understanding of radiochemical pro-
cesses important for numerous application areas and secure basic knowledge of relativistic
(many electron) heavy elements. In this Hevesy Medal Award Lecture, examples of these
advanced techniques and their evolution in applications to 4{/5f element systems to address
scientific challenges across the nuclear fuel cycle will be presented. In addition, recent trends
in other radiochemistry applications will be highlighted as well as opportunities for using
dynamic sources. In closing, reflections on science diplomacy in such scientific endeavours
to find solutions to challenges will be considered.
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Recent activities in prompt gamma and instrumental neutron activation
analysis at NIST

H. Heather Chen-Mayer”, Rick Paul, Nicholas Sharp, Maria Vega Martinez, Jamie Weaver

Chemical Sciences Division, Materials Measurement Laboratory, National Institute of Standards and
Technology, Gaithersburg, MD, USA
“E-mail: chen-mayer@nist.gov

Keywords: neutron activation analysis, prompt gamma imaging, portable neutron generator

The NBSR reactor has not been operational since Feb 2020, impacting the standards refer-
ence material (SRM) measurement operation and research effort in prompt gamma activation
analysis (PGAA) and instrumental neutron activation analysis (INAA). Nevertheless, efforts
leading up to the shutdown generated large amount of data warranting subsequent data re-
duction and reporting. In addition, samples from various projects were prepared and sent to
other facilities for irradiation and testing. This presentation highlights activities in five areas:
1) cold neutron PGAA facility update, which includes a linear neutron beam chopper for
in-beam NAA for short-lived nuclei, and the addition of a second sample/detector open-air
station in tandem with the original sample chamber/detector operation. The goal of the ad-
dition is two-fold: to increase the distance between the sample and the beam-dump to lower
the gamma background, and to carry out research-oriented projects while preserving the
standards measurement environment upstream. 2) Non-standard PGAA activities, include the
measurement of chloride diffusion profile by scanning bulk concrete cylinders, development
of prompt gamma imaging methods (Compton imaging and Ghost imaging x-ray analog).
3) The INAA of glass and concrete samples, including those irradiated in other facilities.
4) Investigation of material classification using statistical models trained by existing PGAA
spectra. 5) Development of portable neutron generator based PGAA for chloride in concrete
at the levels relevant to corrosion of steel rebars, assisted by Monte Carlo simulation. Ad-
ditionally, the backlog of measurements planned for when the reactor restarts are described,
notably the H in Ti SRM project to reconcile the difference between PGAA and destructive
methods at the lowest level previously certified. Finally, after the NCNR planned cold source
upgrade, the cold neutron flux will double at long wavelengths. The anticipated improve-
ment in measurement sensitivity for PGAA will be assessed.
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The superheavy elements — their production and chemical properties

Christoph E. Diillmann’>3"

"Department of Chemistry — TRIGA Site, Johannes Gutenberg University Mainz, Mainz, Germany
2GSl Helmholtzzentrum fiir Schwerionenforschung GmbH, Darmstadt, Germany

*Hemholtz Institute Mainz, Mainz, Germany

“E-mail: duellmann@uni-mainz.de

Keywords: superheavy elements, transactinides

The synthesis of elements up to oganesson (Og, element 118) has been reported [1,2], reach-
ing well into the realm of the long-sought “island of stability of superheavy nuclei”. Long-
predicted [3], this is made up of nuclei wtih long nuclear lifetimes, due to nuclear shell effects
associated with the next nuclear shell closures beyond 235Pb; 56, commonly expected around
proton number Z = 114-126. Experimental data validate the concept, but the location of the
center as well as the extension of the “island” are not yet clear.

Electron shells around superheavy nuclei experience a strong Coulomb attraction, accel-
erating electrons near the nucleus to relativistic velocities, rending atoms of these elements
prime laboratories for studying the influence of relativistic effects on atomic and chemical
properties [4].

Correspondingly, the following topics are of prime interest in superheavy element re-
search:

— their production, in heavy-ion induced fusion-evaporation reactions. Main aims include
identifying the most promising routes to produce yet unknown nuclei, including those of
elements beyond Og [5];

— their nuclear structure, studied by nuclear spectroscopy, by high-precision atomic mass
studies, and by laser spectroscopic hyperfine structure studies, employing the interaction
of electrons with the nucleus [6];

— their atomic structure, studied by laser spectroscopic methods [6];

— their chemical properties, typically studied by single-atom gas chromatography on hetero-
surfaces [7].

A comprehensive study of these aspects has been a pillar of the research programme at my

home institution, GSI Darmstadt [8]. After a general introduction to the topic of superheavy

element research, [ will highlight the experimental progress in the field in the above men-
tioned areas in the main laboratories for superheavy elements, with a focus on their chemical
studies. Here, the elements |,;Nh, ,,,F1[9], and |;sMc are currently in the focus, and technical
developments to extend such studies to still heavier — and more short-lived — elements have
already started [10]. The outlook will show that a next phase in superheavy element research

will profit from accelerator developments, as they are ongoing in many of the main labs [11].

These shall provide substantially higher beam intensities to reach new elements and isotopes

accessible with smaller cross sections as well as providing higher rates of known nuclei to

allow for in-depth next-generation nuclear, atomic, and chemical studies.
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Radioanalysis of long-lived radionuclides, mass spectrometry vs.
radiometric techniques

Xiaolin Hou® 2 3*

"Department of Environmental and Resource Engineering, Technical University of Denmark, Rise,
Denmark

2Xi’an AMS Center, Institute of Earth Environment, Chinese Academy of Sciences, Xi’an, China

3School of Nuclear Science and Technology, Lanzhou University, Lanzhou, China

*E-mail: xiho@dtu.dk

Keywords: ICP-MS, AMS, environmental radioactivity, decommissioning, radionuclide

Accurate determination of radionuclides in various environmental and waste samples is
critical for investigation of environmental radioactivity, radioecology, evaluation nuclear
environmental safety, nuclear forensics, environmental process tracing using radionuclide,
decommissioning of nuclear facilities and repository of radioactive waste. Besides relative
easy measurable gamma emitters, large number of radionuclides in the environmental and
waste samples are pure beta and alpha emitting radionuclides, their concentrations are differ-
ent by a few orders of magnitude, and therefore hard to measure (HTM). The conventional
analytical methods for their measurement are radiochemical separation from matric and all
radionuclides followed by radiometric measurement, such as liquid scintillation counting,
low beta counting, and alpha spectrometry, and have being used for decades. But, it suffers
a few difficulties such as long analytical time up to a few weeks, low sensitivity for long-
lived radionuclides (e.g. 23U, 233U, 23?Th, !26Sn, *°Tc, 2'Np, %I, unable to measure some
low-level and similar decay energy radionuclides, such as '3°Cs, 2*°Pu/?*°Pu and 2*°U). Mass
spectrometry is a sensitive technique for measurement of long-lived radionuclides. but often
suffer from serious interference from high-level stable isotopes and polyatomic ions. The
rapid improvement of accelerator mass spectrometry (AMS), especially ICP-MS in the past
years make these mass spectrometry techniques significantly improved and accessible, and
becoming more attractive and competitive for the determination of radionuclides of long-
lived, even middle-lived with half-life of a few tens of years.

A critical review of the present status and perspective of AMS and ICP-MS on the deter-
mination of long-lived radionuclides in environmental and waste samples against radiometric
techniques is presented, with some examples on the determination of important radionuclides
such as %Sr, %Tc, 126Sn, 1291, 135Cs, 234U, 35U, 26U, 23"Np, 23%Pu, 2P, 240Pu, and ! Am. The
main challenge and strategy on the determination of these radionuclides in different environ-
mental and waste samples are discussed, focusing on the pros and cons of each measurement
techniques. The requirement and strategies on radiochemical separation for the determination
of these radionuclides with different techniques are also discussed. A special effort on elimi-
nation of isobaric and polyatomic ion interference in ICP-MS and high sensitive measure-
ment are presented aiming to obtain a reliable analytical results. Application of these methods
on the investigation of environmental radioactivity and evaluation of radiation risk, as well as
tracing environmental processes using artificial radionuclides is highlighted.
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Focused R&D to advance the science of nuclear forensics and ensure
a pipeline of future expertise

Stephen LaMont", Mitzi Boswell, Jo Denton, Mark Edwards, Jeremy Inglis, Kara Luitjohan,
Zsuzsanna Macsik, Ben Naes, Matt Sanborn, Travis Tenner, Kim Wurth, Robert Steiner

Los Alamos National Laboratory, Los Alamos, New Mexico, USA
“E-mail: lamont@lanl.gov

Keywords: nuclear forensics, mass spectrometry, radiation spectrometry, education and training

Advancing the science of nuclear forensics requires investigating a broad set of topics in-
cluding investigating how forensic characteristics are created in nuclear materials, improved
techniques for measuring those characteristics, and better methods for assessing nuclear fo-
rensic data. When considering the scope of potential efforts to understand the forensics of
every potential fuel cycle material or radioactive source material, and the need to characterize
samples ranging in size from kilograms to individual particles, there are almost endless topics
worthy of investigation. We are actively prioritizing and tackling projects in each area. For
example, experiments to recast well-characterized uranium metal are revealing how uranium
progeny behave during casting, which creates discordance between the *°Th — 2*U and
231pa — 235U radiochronometers. Other efforts are focused on improving radiochemical purifi-
cation and measurement of trace actinides in a variety of sample types ranging from bulk ura-
nium to environmental samples and further our understanding the isotopic signatures present.
This work includes using complimentary mass spectrometry and radiation spectrometry mea-
surements and careful intercalibration to ensure activity and atom counting techniques are
fully comparable. In addition to advancing our nuclear forensics capabilities, these projects
also present an important opportunity to train the next generation of nuclear forensic scien-
tists. Teaching them not only good laboratory skills, but also how to evaluate data to answer
specific investigative questions about the production history or provenance of materials.
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Trends in scientific journal publishing — The perspective of Springer
Nature

Steffen Pauly

Publishing Director Chemistry, Springer Nature

E-mail: steffen.pauly@springernature.com

Current trends in scientific journal publishing will be highlighted, such as the transformation
to open research. The presentation will also cover the ways in which the publisher Springer
Nature is responding to these trends.
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New directions in nuclear data research for accelerator-based
production of medical radionuclides

Syed M. Qaim

Institute of Neuroscience and Medicine: INM-5 (Nuclear Chemistry), Forschungszentrum Jiilich,
52428 Jiilich, Germany
E-mail: s.m.qaim@fz-juelich.de

Keywords: nuclear data, medical radionuclide, accelerator, production

Nuclear data play an important role in the production and clinical application of radionuclides.
Extensive studies have been carried out over the last 30 years in the context of accelerator-
based production of radionuclides and the achieved database is fairly good [1,2]. Yet there are
some deficiencies or new needs of data in several areas. Those needs are generally associated
with new emerging clinical applications of radionuclides, e.g. theranostic approach, bimodal
imaging, radioimmuno-therapy, etc. [3]. This talk gives an overview of on-going nuclear data
research utilizing charged particle accelerators in four directions, namely low-energy region,
intermediate energy range, use of a-particle and heavy-ion beams, and utilization of second-
ary radiation generated at accelerators. Wherever possible, a comparison of experimental
data with theoretical estimates will be presented.

With the fast increasing number of small medical cyclotrons (E <20 MeV; E,<10 MeV)
in the world, besides production of standard positron emitters for patient care via Positron
Emission Tomography (PET), interest in production of non-standard positron emitters, using
low-energy (p,n) and (d,n) reactions on highly enriched targets, is increasing. To meet the de-
mand of higher accuracy in data, some new measurements are being performed near reaction
thresholds, e.g. for **Sc, **Cu, "Br, 3°Y, etc. The major emphasis of measurements, however,
lies today on nuclear reactions induced by intermediate energy protons, leading to the for-
mation of therapeutic radionuclides, e.g. B~ emitters 4’Sc and ®’Cu, or the a-particle emitter
225Ac. Besides protons, the a-particle beam is also interesting. It is of paramount importance
in the production of the a-particle emitting therapeutic radionuclide 2!'At. Furthermore, in-
vestigation of (0,x) reactions to produce high-spin isomers like '7™Sn and '?*™Pt, which emit
low-energy conversion and Auger electrons of therapeutic interest, is attracting great atten-
tion. Heavy-ion beams are occasionally used to prepare tracer quantities of positron-emitting
rare-earth isotopes.

Accelerators are also being considered intensively as strong sources of secondary radia-
tion, namely fast neutrons and hard photons, to produce medical radionuclides, e.g. via the
reactions *8Zn(n,np)*’Cu, '°Mo(n,2n)*’Mo, **Zn(y,p)*’Cu, '°Mo(y,n)*’Mo, etc. Some of the
recent integral data measurements will be discussed.

References

1. Qaim, SM, (2017) Nucl.Med.Biol. 44, 31

2. Tarkanyi, F et al, IAEA-3" CRP reports: (2019) JRNC 319:487; 319:533

3. Qaim, SM, Hussain, M, Spahn, I, Neumaier, B, (2021) Frontiers in Physics 9, Article 639290
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How accurate are half-lives of long-lived isotopes?

Dorothea Schumann”
for the SINCHRON and ERAWAST collaborations

Laboratory of Radiochemistry, Paul Scherrer Institut Villigen, Switzerland
“E-mail: dorothea.schumann@psi.ch

Keywords: long-lived radionuclides, radiochemical separations, half-life

Isotopes with comparatively long half-lives (we take an arbitrary cut at 70 years, which is as

good as any) are of particular interest to nuclear scientists for a number of reasons:

— Depending on the type and intensity of the emitted radiation, long-lived isotopes can pose
a high radiological hazard during the operation of nuclear facilities (reactors, accelerators)
as well as after disposal.

— The so-called "branch points" in the nuclear s-process, as well as some other long-lived
isotopes, are of great importance for understanding element synthesis in the early solar
system and the evolution of our universe.

— A number of these isotopes are used for nuclear dating of environmental samples to recon-
struct climate changes, matter cycles, and other processes relevant to earth sciences and
climate research.

Precise knowledge of the nuclear properties, in particular the half-lives and branching ratios,
as well as the cross sections of a large number of nuclear reactions (mainly by neutrons and
charged particles) of these isotopes is a prerequisite for the assessment of all these influenc-
ing factors. But how accurate are the currently known data on the decay properties of such
isotopes? A recent publication [1] provides an overview of the current situation and points
out some of the main shortcomings in the nuclear data landscape. One of the main reasons
why reliable data are still not available in a number of cases is the very limited amount of
sample material. Targeted irradiation campaigns and subsequent radiochemical separations
of element fractions can help to improve this situation.

With this paper, we will present the current state of the art with some prominent examples,
focusing in particular on some of the recent new measurements and the reassessments made
as a result. We will discuss the implications of inaccurate or erroneous data, highlight obvi-
ous data deficiencies, explain the reasons for them, and offer some suggestions for future
improvements.

Acknowledgments
The works are partially funded by the Swiss National Science Foundation: SINCHRON
(CRSII5_177229), ERAWAST I (200021 _159738), ERAWAST II (200020 _178749) and ERAWAST
I1I (200020L_196959)

References
1. Heinitz, S.; Kajan, I.; Schumann, D. How accurate are half-life data of long-lived radionuclides?
Radiochim. Acta 2022, 110 (6-9), 589-608. https://doi.org/10.1515/ract-2021-1135
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Using '3°Cs/3"Cs as a signature in environmental nuclear forensics

Georg Steinhauser'”, Felix Stiiger’, Dorian Zok?, Bin Feng!?

ITU Wien, Institute of Applied Synthetic Chemistry & TRIGA Center Atominstitut, 1060 Vienna,
Austria

2Leibniz Universitit Hannover, Institute of Radioecology and Radiation Protection, 30419 Hannover,
Germany

3Leibniz Universitit Hannover, Institute of Inorganic Chemistry, 30167 Hannover, Germany

“E-mail: georg.steinhauser@tuwien.ac.at

Keywords: radiocesium, environmental monitoring, environmental radioactivity, nuclear release

Radioactive *’Cs is one of the most prominent fission products. Due to its high volatility, it
has been released in significant amounts into the environment (nuclear weapons fallout as
well as in the course of nuclear accidents such as Chornobyl, Fukushima, Kyshtym, etc.), and
due to its fairly long half-life (30 y), it has become a ubiquitous contaminant in almost any
environmental compartment on Earth.

In nuclear accident preparedness as well as in environmental sciences, it is quite unfor-
tunate that the various source of 3’Cs cannot be distinguished from one another. However,
when long-lived '**Cs (T, ,= 2 My) is taken into consideration, a distinct ratio '**Cs/'3’Cs can
be calculated that serves as a fingerprint in many environmental questions.

In this keynote lecture, we will show recent advances in this field and discuss possible ap-
plications that lead us deep into the field of environmental nuclear forensics.
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Photonuclear reactions: The future of large scale theranostic
radionuclide production

Prof. Dr. Andreas Tiirler

Department of Chemistry, Biochemistry and Pharmacy, Laboratory of Radio- and Environmental
Chemistry, University of Bern, Switzerland
E-mail: andreas.tuerler@unibe.ch

Photonuclear reactions have been known since nearly 100 years, but only recently, discus-
sions about using this type of reaction for the production of radionuclides for medical appli-
cations (i.e. diagnosis and therapy) have surfaced. In a photonuclear reaction a high-energy
gamma-ray is interacting with a target nucleus, whereby a particle (or several particles) such
as protons or neutrons are ejected. Such (y,n) or (y,p)-reactions give access to several, medi-
cally interesting radionuclides.

With the commercial availability of high-energy and high-power electron accelerators,
intense Bremsstrahlung can be generated, which is able to induce photonuclear reactions.
Although the reaction cross sections are lower compared to particle-induced reactions, the
penetrating nature of heigh-energy gamma-rays allows the use of much thicker targets, large-
ly overcompensating the lower reaction cross section.

There remain a number of challenges to be solved before a large scale production of radio-
nuclides can be envisaged. First, the intense electron beam of typically about 40 MeV energy
and about 125 kW of beam power has to be converted to Bremsstrahlung. This is done by
means of a converter target that must be able to withstand the enormous beam power. Second,
the chemical separation of radionuclides in no-carrier added form from several tens of grams
of target material remains a chemical challenge.

In the presentation calculations of the yield of photonuclear reactions with high-power ac-
celerators are given and some ideas how to convert the enormous beam power are discussed.
Furthermore, first examples of experiments conducted at the 22 MeV microtron for the pro-
duction of ¥’Sc and ¢’Cu in Bern are presented.
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Determination of americium-241 from environmental samples
for plutonium age dating purposes at the Safeguards Analytical
Laboratory, IAEA

Renata Bujak'", Yoshiyuki Sato’, Robert Katona', Stefanie Konegger-Kappel',
Andreas Koepf!, Sergei Boulyga!, Matthew Kilburn'

!Safeguards Analytical Laboratory, Office of Safeguards Analytical Services,

Department of Safeguards, International Atomic Energy Agency, 1400 Vienna, Austria

2Current address: Japanese Atomic Energy Agency, 2-4 Shirakata, Tokai-Mura, Naka-gun, Ibaraki,
Japan

“E-mail: R.Bujak@jiaea.org

Keywords: americium, plutonium, age dating, isotope dilution MC-ICP-MS, extraction chromato-
graphy

Environmental sampling using cotton swipes is an important tool utilized by the International
Atomic Energy Agency (IAEA) to assess the completeness of States” declarations. Nuclear
signatures collected on cotton swipes provide valuable information that, along with other
sources of information, are used by the IAEA to draw safeguards conclusions. Determination
of the age of plutonium collected on a cotton swipe is a relatively new undertaking by the
IAEA Safeguards Analytical Laboratory (SAL). Plutonium age determinations are made by
measuring Pu-241 and its daughter isotope Am-241. Here we present the results of tests to
determine Am-241 on cotton swipes down to the femtogram (fg) level. A bulk analysis meth-
od is applied to obtain information on the average isotopic compositions and amount contents
of U, Pu, and Am contained within the whole cotton swipe after digestion. Uranium, Pu, and
Am are separated and further purified to remove interfering impurities ahead of the determi-
nation of amount content by isotope dilution analysis using mass spectrometry. In SAL the
routine method for Am determination using TRU resin did not satisfy the requirements for
Pu age determination because the separated product contained several hundred ng g of rare
earth elements (REE). Two other extraction chromatographic (EC) resins — TEVA and DGA-
N — were investigated for separation and purification of the Am fraction. The applicability
of the different combinations of these resins was experimentally verified by doping cotton
swipes with known amounts of CRM 137, which is a Pu isotopic reference material that is
certified for Pu isotopic composition. The model purification age of the material is also well
known. Since the goal of the work was to apply the new procedure to very small quantities of
Pu and Am, and also to explore the limitations associated with chemical sample preparation
and mass spectrometric analysis, test materials were prepared with 6 - 12 fg Am-241 and 0.6
- 1.2 fg Pu-241. All tested methods satisfactorily removed the REE to below one ng g!. The
Am and Pu isotope ratio measurements were performed on a Neptune Plus™ multi-collector
ICP-MS in which the collector block was configured to optimize measurement of low ion
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intensities using ion counters. The average bias to the expected value was within 4% for Am-
241, while the relative expanded uncertainty (k=2) was in the 3-5% range. The calculated age
of the CRM 137 agreed with the consensus value within uncertainties, whereas the expanded
uncertainty (k=2) of the age varied between 4 and 4.5 years due to the very low amounts of
Am and Pu analyzed.
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Destructive analysis tools to support production and certification
of a new plutonium metal standard, CRM126B

Angela Olson'", Lav Tandon?, Cecilia Eiroa-Lledo’, Victor Aldana?, Richard Clore?,
Jason Cooley?, John Davis?, Tabitha Kalin’, Peter Mason®, William Peach’

Actinide Analytical Chemistry, Los Alamos National Laboratory, Los Alamos, NM, USA

2Pit Technologies, Los Alamos National Laboratory, Los Alamos, NM, USA

3Fabrication Manufacturing Science, Los Alamos National Laboratory, Los Alamos, NM, USA

4Operational Safety & Compliance Programs, Los Alamos National Laboratory, Los Alamos, NM,
USA

SNBL Program Office, NNSA, Oak Ridge, TN, USA

“E-mail: aolson@lanl.gov

Keywords: actinide analytical chemistry, plutonium metal standard, certified reference material,
standard production

A series of nine plutonium (Pu) metal certified reference materials (CRMs) have been pro-
duced in the Unites States since the 1960s, beginning with the National Bureau of Standards
(NBS) Standard Reference Material SRM 949 and most recently concluding with CRM126A
(C126A) in 2004. Plutonium metal standard C126A resulted from a joint effort between Los
Alamos National Laboratory (LANL) and the New Brunswick Laboratory (NBL). The col-
laboration ensures that material production — and measurements leading to the certification of
a material — are performed to the highest standards. The production of a new Pu metal stan-
dard, CRM126B (C126B), is being undertaken in a continued partnership between LANL
and the NBL Program Office. The newly produced C126B material will be used for the cali-
bration and quality control of measurement systems performing Pu mass fraction (assay) and
Pu isotopic composition determinations.

With Pu standard characteristics and fabrication parameters defined, the challenge lies in
producing a standard that meets the requirements for a Certified Reference Material of the
highest metrological quality. Attaining high purity, well-characterized, homogeneous, and
stable material is of critical importance. This presentation will describe the C126B mate-
rial production approach, as well as the analytical tools that are being used to address key
technical questions throughout the production sequence. Leading up to C126B production,
several experiments have been executed to test key steps in the process. Results from those
experiments will be described, including: 1) testing to ensure material integrity will be main-
tained, and 2) mold design testing and modelling for foundry processing. Finally, perspective
on LANL’s work with the certifying agency (NBL) to devise an analytical plan for material
certification will be provided.
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Figure

Polished Pu metal Certified Reference Material
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Challenges associated with analysis of common and unique nuclear
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Complete destructive characterization of special nuclear materials for actinide content, iso-
topics, and impurities can offer challenges even for common materials such as metals or
oxides. Moreover, interesting challenges can arise for unique materials such as clad reactor
fuels, plutonium-beryllium alloys, or plutonium fluoride — especially in cases where litera-
ture precedence is sparse. Chemical analysis of an actinide metal, for example, begins with
initial processing that includes sub-sampling using various cutting tools and polishing which
could be either mechanical or chemical. These methodologies can have a potential impact
on the results that are obtained in downstream analytical processing especially for high ac-
curacy and precision analysis such as coulometric or titrimetric methods for actinide content
determination. Examples of studies that have been conducted by our team will be discussed
in this presentation. The recovery of fuel materials for analytical processing may in certain
cases be complicated by encapsulation that requires preliminary characterization merely to
plan and execute test material extraction. Non-destructive assay techniques such as gamma
spectrometry, x-ray fluorescence, and x-ray diffraction can be vital tools in directing mate-
rial recovery and subsequent destructive characterization efforts. For example, upon material
extraction in clad fuels, problems may arise with the suitability of existing dissolution pro-
tocols to completely solubilize samples for destructive analysis without losing or introduc-
ing matrix constituents. For dissolved materials, existing chemical separation (ion-exchange
or solvent extraction) schemes may require modification or further development work to
provide high quality results. Chemical analyses discussed in this presentation will include
measurements for radionuclides, assay, isotopic abundances, trace actinides, trace metals,
and non-metals. The studies also examine material science details that offer critical clues to
supplement chemical processing information. The outcomes of this work have provided fun-
damental information that is critical for nuclear applications and have a tremendous impact
on safeguards verification and nuclear security. LA-UR-23-20355
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Applications of liquid scintillation counting on Savannah River Site
high activity matrices
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The Savannah River Site (SRS) is a US Department of Energy nuclear reservation established
in the early 1950°s as part of the US government’s nuclear weapons programs. Currently, SRS
is undergoing a process of environmental remediation, emptying waste tanks containing the
residues from various neutron activated target processing as well as from the reprocessing of
spent nuclear fuel to run the Site reactors. SRS continues to dissolve and dispose of spent
nuclear fuel from its past processes as well as that retrieved from various research reactors in
the SRS H-Canyon Separation Facility. H-Canyon process solutions, when injected into the
waste processing system, is rendered caustic. The waste, when rendered caustic, separates into
two phases. The two phases compose of a 6M sodium liquid phase with radiological constitu-
ents predominantly made up of Cs-137, and a sludge phase predominantly made up of Sr-90.
The bulk of the actinide and lanthanide inventory are also contained in the sludge phase. The
caustic phase is decontaminated of Cs-137 using a calixarene-based solvent-solvent extraction
facility (Salt Waste Processing Facility). The extracted Cs-137 and the high-level sludge from
the waste tanks are vitrified in SRS glass vitrification plant (Defense Waste Processing Facil-
ity). The decontaminated solutions are grouted and stored On-Site at the SRS Saltstone Facility.

The Nuclear Measurements Group (NMG) of SRNL is responsible for providing radio-
logical characterizations for these highly radioactive processes, providing analyses for over
100 radioisotopes. Ironically, due to the wide swings in beta versus alpha activities in the
various processes, one of the more challenging analyses are simple gross alpha and gross
beta analyses. The NMG measures gross alpha and gross beta using a variety of method-
ologies, including analyses using gas flow proportional counters (GFPC), silicon charged
particle spectrometers, and liquid scintillation counters. Liquid scintillation counters offer
some advantages over the other methodologies for these higher activity matrices in that the
sample aliquots are contained in liquid scintillation vials. LSC vials provide more contami-
nation control, especially when measurement of low levels of alpha activity in the presence
of orders of magnitude more beta activity or vice versa is desired. LSC is also less affected
by high levels of dissolved solids often found in these waste matrices than are the GFPC or
charged particle spectrometers.

The NMG makes heavy use of pulse shape discrimination with liquid scintillation counting to
differentiate between alpha and beta activity when making these gross alpha/beta measurements.
The laboratory uses both Perkin Elmer Tri-Carb and Hidex scintillation counters equipped with
pulse shape discrimination. Performance of the two types of liquid scintillation counters, plus
the challenges of using these pulse shape discrimination technologies in a production mode on
the wide variety of sample matrices analysed in this laboratory will be discussed.
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Tensioned metastable fluid detector sensing technology for
multifarious-multiscale applications in the nuclear fuel cycle
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The nuclear fuel cycle presents multiscale and multitude detection-energetics-security-safe-
guards-dosimetry challenges which involve high-efficiency spectroscopic sensing of alpha-
neutron-fission radiation signatures, for example, to identify U/Pu/Am/..Rn/Po isotopes —
which may be terrestrial-air-fluid borne, moving/stationary, shielded-unshielded, etc., and
which may need to be identified at ultra-trace (~10 nSv/h) levels, even under intense (>10*
R/h) gamma-beta radiation fields which saturate most detectors. The novel tensioned meta-
stable detector (TMFD) sensor technology' offers unique, cost-effective complement/alter-
native solutions for gaps in 80-y old state-of-art systems. Not well known is the ordinary
fluids (like solids), can indeed be tensioned and placed under negative (sub-vacuum) pressure
(Pneg) states at desired ambient temperature. The greater is the Pneg, the weaker become the
intermolecular fluid bonds such that external stimuli) can provide the required excess energy
to snap the bonds, leading to nano-to-macro space-time scale cavitation - manifesting as au-
dible-visible-recordable detection events. In this regard TMFD sensors are unique and offer
significant enabling attributes and unique enabling features (summarized in Table 1). The lec-
ture will introduce TMFD developments, and present results of studies comparing TMFDs vs
state-of-art systems for: (1) H*10-neutron (spectroscopy weighted) radiation health dosim-
etry for continuous and pulsed source spectra; (2) Air and/or liquid-borne trace (10~ Bq/mL)
quantity, high (keV) resolution hybrid mass-alpha Rn/Po/U/Pu/Am isotope assay; (3) Direc-
tionality enabled active-passive special nuclear material interrogation; (4) ~100% (10,000
R/h) gamma-beta rejected alpha-neutron-fission signals -low cosmic intensity (nSv/h) to high
(multi Sv/h ) environments, covering ranges of interest in the nuclear fuel cycle related fields.
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Table 1 Why TMFDs for Nuclear Fuel Cycle?

v’ Thermal (eV) and Fast (1-100 MeV) Neutron Detection in single TMFD
[ Without need for moderators, nor pulse-shape discrimination
v Tunable on demand (10-3-80%) intrinsic neutron detection efficiency
v ~95-100 %+ intrinsic (alpha/fission) efficiency —incl. trace mBg/mL levels.
v’ ~1.4 keV energy resolution
v 100% gamma-beta-muon blind (to 15,000+ R/h fields)
v’ Real-time neutron-alpha spectroscopy (without need for peak shape fitting)
v On-Off within seconds to microseconds —pulse mode enabling
v 10-9s event timing and multiplicity potential
v’ Directionality/source positioning with 1/2 TMFD units
v' Air/fluid borne U/Am/Pu monitoring (100% Rn-+progenyrejected)
v Rn+Poprogeny (pCi/L) in air spectroscopy monitoring (<2 min. air sampling)
v Active and Passive SNM StandofT Interrogation of stationary-moving SNMs
v' Operation Space: Temperatures (0-500C); >95% RH; Shock Tolerant
v Low-cost sensing material (<<0.1$/g)
v Open to Synergistic Collaborations
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Outcomes from the Seventh Collaborative Materials Exercise
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The Nuclear Forensics International Technical Working Group (ITWG) is an informal asso-
ciation of official nuclear forensic practitioners (including law enforcement representatives,
regulators, policy makers and scientists) dedicated to combatting the illicit trafficking of nu-
clear and radioactive materials. The ITWG is dedicated to improving nuclear forensic science
primarily through the facilitation of table top and materials exercises. There is a total of 6 task
groups that manage various aspects of the activities of the ITWG: ITWG’s Nuclear Forensic
Laboratories Task Group is responsible for promoting R&D activities and assisting in Nuclear
Forensics investigations, the Outreach and Training Task Group shares technical develop-
ments and scientific findings, the Libraries Task group demonstrates the utility of a National
Nuclear Forensics Library (NNFL), the Guidelines Task Group develops consensus guide-
lines for the Nuclear Forensics community, the Evidence and Testimony Task Group looks
at crime scene management and the use of conventional forensic science, while the Exercise
Task Group is primarily responsible for organizing and facilitating materials exercises, known
as Collaborative Materials Exercises (CMXs), for the community. These materials exercises
have been a prominent feature of ITWG activities since 1998. Since that time, a total of seven
CMXs have been designed and executed, with participation by laboratories representing 29
countries and the European Commission. The purpose of the exercises is to advance nuclear
forensics capabilities of the ITWG Nuclear Forensic Laboratories (INFLs) by tracking the
state of practice and art of nuclear forensic science, identifying analytical techniques ready for
operational use and new laboratory methods worthy of additional development.

Here an overview of the 7, and most recently completed, CMX is provided. The CMX-7
included a new optional radiological crime scene module in collaboration with the Evidence
and Testimony Task Group to encourage participation by law enforcement counterparts. A to-
tal of 19 laboratories have completed the exercise with 12 of those labs participating in the
crime scene in a box. Each laboratory was asked to analyse three depleted uranium samples
with varying matrices and compare it to an exemplar. The labs submitted preliminary re-
ports to the exercise facilitator at 24 hours and 1 week, with final reports due after 2 months.
A summary of those results will be given in the context of the exercise scenario and objec-
tives of the mock nuclear forensic investigation.

UK Ministry of Defence © Crown owned copyright 2023/AWE
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Correlative morphological, elemental and chemical analyses
of actinide-bearing particles - case of the CMX-7 exercise
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The objective of a nuclear forensic examination is to obtain information on the origin (place
of production), the intended use and the processing history (including identification of the in-
dustrial process and date of production) of seized nuclear materials. Measurements of the iso-
topic composition of the main elemental constituent (by means of various mass spectrometry
techniques) and of the radioactive emissions of the seized objects (by gamma-spectrometry)
are generally carried out as a priority to address the threats of nuclear terrorism and prolifera-
tion. However, the laboratories involved in nuclear forensics investigations must measure
many other characteristics of the nuclear materials to identify the origin and history of the
seized objects. During the last decades, many signatures have been evaluated for these pur-
poses, among which: concentrations of elemental impurities at trace level, the date of the last
chemical purification of the materials, the isotopic compositions of stable isotopes (oxygen,
lead, sulphur, etc.), surface morphology, crystalline structure and molecular composition,
radioactive impurities at ultra-trace level (for instance plutonium and fission products in ura-
nium), etc.

Besides, answers may be required even when “bulk” quantities of the materials are not
available and when a small aliquot of dust or particles are the only available sample. More-
over, analyses at the micrometric level provides information on homogeneity of the materials
and allow identifying possible mixtures of several materials. Therefore, to complement anal-
yses performed on macroscopic amounts of nuclear materials, several laboratories implement
micro-analytical techniques on tiny fragments, or even on pm-sized particles, extracted from
the “bulk™ objects, primarily mass spectrometry techniques to determine uranium isotopic
composition [1]. At CEA/DAM, we also carry out morphological and elemental analyses
of micrometric particles by means of scanning electron microscopy (SEM) combined with
energy dispersive X-ray spectrometry (EDS). In addition, we regularly implement micro-
Raman spectrometry (MRS) to identify the chemical phases in micrometric actinide particles
[2] and when relevant a coupling device between a SEM (FEI “Quanta 200”) and a MRS
(Renishaw “In Via”) which allows performing Raman analysis within the SEM [3,4] and,
thus, correlating surface morphology, elemental composition and chemical phases for the
same micrometric area.

In this presentation, we will discuss the pro and cons of the combined MRS, SEM and
EDS analyses, and show several examples of correlative analyses in the field nuclear fo-
rensics (collaborative material exercises, or CMX). We will focus on the implementation of
these techniques in the framework of CMX-7.
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The A-CINCH (“Augmented Cooperation in education and training In Nuclear and radio-
CHemistry”) is a Horizon 2020 project No. 954301 that has started in October 2020 with 17
partners from 13 countries with a duration of 36 months. It is built on and augments CINCH
teaching tools developed in the three previous CINCH projects — CINCH, CINCH II and
MEET-CINCH - in the CINCH project series (www.cinch-project.eu), and adds new tools
and approaches based on actual technological and pedagogical development. CINCH project
series in general focuses on coordination activities in both education and training field at all
levels of academic and professional career in nuclear and radiochemistry (NRC). Regarding
educational curricula and mutual interconnection between educational levels, it addresses
also secondary, high school students and teachers with the aim to bring young generation to
NRC thus making carrier in this field more understandable and attractive. Actual A-CINCH
progress will be presented in more detail including overview of e-learning tools designed to
attract younger students to the field of radiochemistry and chemistry in general.
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Testing of *C excursions in tree rings from high- and mid-latitudes
to explore other cosmic-ray events beyond intense solar flares
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Excursions in the annual '*C production rate in the atmosphere can result in an excess of up
to 20%o in tree rings, caused by transient increases in the '*C production rate. These signals
or “spikes” rise rapidly over a period of 1-2 yr and have decay times of about 15-20 yr. These
events are generally explained as a rapid increase of incoming cosmic rays or gamma rays.
Only a few have been reproduced in multiple tree-ring records from many locations around
the globe, particularly at 7176BCE, 5259BCE, ~660BCE, 774-775CE and 993-994CE re-
ported by different laboratories. These excursions are positively connected to the impact
of strong Solar Energetic Particles (SEP) events and are also confirmed from '’Be and 3°Cl
excursions in polar ice cores. Other events show different structures and either coincide with
Grand Solar Minima or other effects of a lesser magnitude, including possible effects from
supernovae. These include reported events at 815BCE, 5480BCE, 5410BCE, 1052/1054CE
and 1279CE. We focus on a new detailed record of the 664-660BCE events from diverse
locations and possible new records in the 11-13™ century CE. It appears that the intensity
and structure of the *C signal can be multifaced in space and time, which complicates under-
standing of the forcing and attribution to the underlying astrophysical events. Timing of these
events is important to register the recurrence intervals of these events for past and future '“C
excursions and to understand the spatial dispersal of the *C signal. In addition, the presence
of one of these “spikes” is in a tree-ring record also useful to tie down precise dating of ar-
chaeological samples.
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In this study, we present a novel approach for C-14 analyses of iron material. C-14 con-
tamination of iron material could happen in nuclear reactors, where the neutron flux could
produce significant amount of C-14 atoms inside the iron based construction elements (vessel
wall, tubes, etc). If those elements are going to be disposed in waste, then the C-14 concen-
tration should be measured, reported. On the other hand, artefacts made from wrought iron,
could also incorporate some C content from the applied heating material (charcoal, wood),
which also deliver a measurable C-14 content into the iron. This C and C-14 might allow the
C-14 based dating of the production of the iron tool. Iron meteorites also contain C-14 atoms
due to the cosmic irradiation induced nuclear reactions, which could be used as estimation of
the size of the object and their residence time on Earth.

For all the above listed applications, we need a good sample preparation method, to ex-
tract the C from the iron, without any external contamination. As the typical concentration is
maximum a few percent C in the iron (m/m%), a complete combustion/oxidation of 0.1-1 g
iron for this purpose is necessary. We present an elegant way of this preparation, using a
LECO C744 type iron — C analyser. The exhaust gas of this automatized oxidizer is applied
for trapping the produced CO2, for further isotope analyses. About 1g of iron is completely
oxidized within 1 minute by the C744 unit, and the exhaust gas is collected. C yield, and
reproducibility of this preparation method is investigated by AMS C-14 analyses of known
age iron artefacts, and several C-14 reference materials.

This method could play an important role, when nuclear power plants are decommissioned
and significant amount of iron waste has to be classified according their C-14 isotope content.
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The Czech Radiocarbon Laboratory (CRL) has been running since 2004. The initial method,
which was applied in our workplace, was based on benzene synthesise and liquid scintilla-
tion counting. The need of AMS based analytical methods was evident since the beginning.
Throughout these years the demand for AMS analysis of small-mass samples began to in-
crease radically. Therefore, approximately since 2009 our laboratory started with the first ex-
periments for AMS based analysis of '“C. Since the year of 2012 were our graphites prepared
and sent for AMS measurement abroad. In 2018, our laboratory succeeded with a project
proposal, which then allowed us to purchase and install the AMS facility MILEA (Multi-
Isotope Low-Energy AMS) from Switzerland company Ionplus (Mackova et al. 2021). This
specific project RAMSES (Ultra-trace isotope research in social and environmental studies
using accelerator mass spectrometry) also allowed us to intensively refine our methods of “C
samples processing and thus our possibilities have been widened for both; dating and non-
dating applications of '“C analysis.

At present, besides the development of '“C analysis methods (direct measurement of
14C0O,, scaling of sample matrix, reduction of the mass of analysed carbon), we are also in-
volved in checking the reliability of radiocarbon dating, developing methods of dating histor-
ical mortar, using statistical methods and improving the ways of indicating disturbing effects,
esp. Fresh Water Reservoir Effect, old wood effect, presence of difficult to remove residues
(Pachnerova Brabcova et al. 2022). In combination of bomb radiocarbon peak dating with
Wiggle Matching method and improved knowledge in the chronology of gradually regrow-
ing tissues, our analyses find application in the protection of endangered species following
the international CITES convention. Last but not least, we are trying to expand the use of “C
analyses for non-dating applications such as monitoring '“C activity around Nuclear Power
Plants, estimation of local or regional Suess effect, determination of "biocarbon" content in
raw materials or final products in chemical, pharmaceutical and food industries and in motor
fuels or exhaust gases. The forthcoming presentation will provide a brief history of our labo-
ratory and its current capabilities. We will also discuss future directions for the development
of analytical methods and their applications, so that the current needs arising from the de-
velopment of society at the domestic and international level can be taken into consideration.
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Instrumental analytical methods were developed following the increasing demand for chemi-
cal measurements. In highly automated methods, some analysts use the instruments as "black
boxes" that always produce correct results. However, interferences and calibration, amongst
other issues, can cause poor results. In fact, the analysis starts by taking a representative
sample of the bulk material, which is then prepared, often including separation and/or pre-
concentration of the analyte of interest. In these stages, critical errors may occur, such as loss
by adsorption or volatilization, and contamination from air, glassware, reagents, etc. The
implementation of good metrological practices is essential for quality assurance, comprising
the use of certified reference materials and the frequent participation in proficiency tests or
interlaboratory comparisons. Even when an analytical method is fully validated and proven
to provide correct results within given uncertainties, there is the possibility for failure due
to inadequate matrix-matching or different analyte level in a new sample. In this context,
neutron activation analysis (NAA) is recognized for its special characteristics, presenting
excellent linearity, little matrix effects, well-identified interferences, and no need for sample
preparation. NAA has been applied in metrology studies at the Nuclear Energy Center for
Agriculture (CENA) for about thirty years, with emphasis on agriculture and environment.
The first relevant activity was the development of a reference material of soybean flour
for major and trace elements, in a project coordinated by the International Atomic Energy
Agency (IAEA) in the early 1990s. The systematic concern with the application of quality
management and metrology began in 1995, through involvement in two projects coordi-
nated by the IAEA (ARCAL XXVI and ARCAL LXXVI). The successful participation in
the Inorganic Analysis Working Group (IAWG) of the Consultative Committee for Amount
of Substance: Metrology in Chemistry and Biology (CCQM), initiated in 2001, contributed
to provide practical evidence for the recognition of NAA as a primary method of measure-
ment. Following the development of a green coffee reference material, which was a pioneer
initiative in the country, several other actions were taken for developing reference materials,
with the financial support of Brazilian agencies and association with other research groups.
Now organized as a technological innovation center on metrology and quality for agricul-
ture, the actions aim at providing reference materials and interlaboratory comparisons for
public and private laboratories, considering the difficult access to such metrological tools
available at international level. Seven interlaboratory comparisons were run from 2015 to
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2022 with the reference materials produced, composed of different matrices as rice, tomato
leaves, sugarcane leaves, tomato pulp, pet food, and organic coffee. A record subscription of
84 laboratories was achieved in the ongoing comparison on the biodynamic brown rice refer-
ence material. Here, data will be presented to illustrate the relevance of the NAA for these
metrological applications.
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There are several specimen types and elements that are difficult to assay by conventional ana-
lytical techniques, especially if the complete sample decomposition is required, and that can
conveniently be assayed by neutron activation analysis (NAA). We provide several examples
of such cases, namely nanocarbon materials, biochar, plastics, and uranium materials.

Nanocarbons are currently on the cutting edge of material science research due to their
exceptional properties and interesting applications. However, their properties are frequent-
ly depending on the content of elemental impurities. Their determination by classical ana-
lytical techniques is a challenging task due to difficulties in dissolution of these materials
without analyte losses and/or contamination. We determined by instrumental NAA (INAA)
that graphene prepared from graphite by several synthesis procedures contains highly vari-
able amounts of metallic contaminations that originate from the reagents themselves and
significantly influence graphene electrocatalytic properties. On the other hand, using INAA
we found that graphene purified of in a stream of CF,Cl, at 2500°C contains 3 to 4 orders
of magnitude lower levels of elemental impurities and exhibits poor electrocatalytic activ-
ity. The use of INAA for elemental characterization of a certified reference material (CRM)
SWCNT-1 (Single Walled Carbon Nanotubes) allowed to extend certified values for 5 ele-
ments determined by ICP-MS with mass fractions of 13 additional elements, assigned as
reference values. INAA of commercial SWCNTs revealed low recoveries of several elements
by ICP-OES when alkaline oxidation was used as a digestion method.

Biochar is obtained by pyrolysis of sewage sludge (SS) and can be used as a soil amend-
ment and fertilizer. However, biochar can contain, in addition to numerous nutrients, also
potentially toxic elements and compounds and therefore its composition needs to be investi-
gated to assure its safe use in agriculture. A comparison of biochar analysis by ICP-OES after
various digestion procedures and by INAA is presented. We found significant differences in
contents of several elements, as well as differences in certified values of one SS CRM.

Polymers to be used in the containment of nuclear power plants, e.g., as insulation of
electrical cables of safety systems must nowadays be qualified as concerns their maximum
allowable content of halogens and metals with low melting point. Similar restrictions also
apply for polymers to be used in cables of high energy physics facilities, such as the Large
Hadron Collider at CERN. These cables should be “halogen and sulfur free” to prevent a
serious damage of such facilities in the case of fire. Here we present the use of INAA for the
determination of halogens and sulfur, which can be accomplished in a shorter time and with
a smaller sample mass compared with alternative analytical methods.
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Finally, we present a novel NAA procedure with pre-irradiation removal of uranium for
panoramic determination of trace elements in uranium materials for nuclear forensics pur-
poses. The determination of more than 10 trace elements allowed us to obtain information
about a linkage among 4 samples analyzed. Such analysis is difficult to be carried out by
other techniques, including ICP-MS.

Using the above cases, which are certainly not exhaustive, we have again demonstrated
that NAA is the favourable and sometimes indispensable technique for assay of certain ma-
trices and elements.
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Self shielding effect in a strong absorber of Gd in neutron activation
analysis

Gwang-Min Sun'", Kishore B. Dasari'?, Jaegi Lee', B.G. Park!, M.S. Kim!

"Neutron Utilization Research Division, Korea Atomic Energy Research Institute, Daejeon, Republic
of Korea

2Research Institute of Natural Science, Gyeongsang National University, Jinju, Republic of Korea
“E-mail: gmsun@kaeri.re.kr

Keywords: self-shielding effect, strong absorber, Gd, effective absorption radius

155.157Gd are non-1/v absorbers and 2200 m/s absorption cross-sections of '>*Gd and '3’Gd,is
60,900(1,100) b and 254,300(4,900) b, respectively, which are the highest among the stable
natural isotopes. Their effective absorption radii are 1.38 A and 2.84 A, respectively. Macro
cross-section for ’Gd(Z, ;5;) is about 970 cm!, and absorption mean free path(’,) is about
10 um. The neutrons with energy around a resonance at 0.0314 ¢V, and the lower-energy
neutrons undergo the self-shielding effect due to the strong absorption within the target. And
the thick target also shows heavy self-shielding effect. To check the change of the neutron
spectral density inside the target, we investigated the absorption rate of neutrons at the condi-
tion of the parallel neutron beam incident on a purely absorbing planar Gd target of various
thicknesses and the diluted Gd samples with thin target approximation. The effect of strong
absorption within the target was investigated on the concept of effective absorption radius.
Considering the actual experimental environment, it was difficult to make a thin target (&,(v,)
t<<1) because the cross-section of Gd is very large even when t ~ 1 pm. In order to satisfy the
condition of B,(v,)t ~ 0.1% << 1, the thickness of t ~ 10-® cm must be implemented. There-
fore, in the case of an element with a high cross-section such as Gd like this study, target
was made as a diluted target by dissolving Gd,0;, °°Gd,0; , and ’Gd,O; in nitric acid and
diluting them respectively. We investigated the non-linearity in the analytical sensitivity of
Gd according to the Gd mass and some theoretical evaluation was done and the simulation
was compared with the experimental results.
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Galaxy Serpent is an ongoing series of virtual, web-based exercises designed to develop and
strengthen nuclear forensics capabilities of participating teams. Each offering of the exercise
is based upon a different nuclear or other radiative (RN) material, and features a hypothetical
storyline involving recovery of material out of regulatory control. Teams are provided a ro-
bust but manageable dataset for surrogate RN material from which the organize a model nu-
clear forensics (NF) library, and answer mock investigative questions asking them to assess
consistency with the material in their model library and ascribe confidence levels. The exer-
cises are designed to provide demonstrate the value of national nuclear forensics libraries in
support of an investigation involving RN material found out of regulatory control, and allow
teams to simulate dialogue between a NF lab and an investigative team. The fourth iteration
of the exercise, using model data from intact and crushed uranium fuel pellets as the material
of interest, was recently concluded, and summative findings from will be presented including
technical methodologies employed, and benefits and challenges teams have reported. These
exercises have been conducted over the past decade, with a fifth iteration underway, and the
online nature of the exercises allowed them to continue during recent challenges associated
with the pandemic. A fifth version of the exercise is currently underway.
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Nuclear forensics is a key tool in nuclear security and serves to address the threats of nuclear
smuggling, nuclear proliferation and nuclear terrorism. The aim of a nuclear forensic ex-
amination is to provide clues on the history of the material and on its intentional use. This is
accomplished by measuring material properties, which are indicative of the material's origin
and production method [1, 2]. In nuclear safeguards and nuclear forensics, several charac-
teristics (material properties) of the material in question can be applied either to verify the
declared origin (safeguards) or to identify the source of an unknown, often illicit nuclear
material (nuclear forensics). These characteristics involve, for instance, concentrations of
major, minor and trace-level constituents, isotopic composition of the major and (selected)
minor components, material morphology or molecular structure [2, 3]. However, accurate
measurement of the isotopic composition of trace-level impurities (e.g. S, Sr, Pb or Th) often
turns out to be tedious, time consuming and labour-intensive.

Pb isotopic composition plays a significant role in the origin assessment of U-based ma-
terials (e.g. U ores, U ore concentrates). As the isotopes of radiogenic lead (*°°Pb, 2°’Pb, and
208ph) derive from the decay of the parent uranium and thorium radionuclides, their relative
amounts depend on the age and the composition of the ore deposit. Another advantage of us-
ing Pb isotope ratios is that since U is present at elevated levels in uranium ores compared to
the average values of the Earth’s crust, the Pb isotopic composition is significantly different
from the natural lead and its documented variability. Thus, Pb isotope ratios are widely used
in nuclear forensics in spite of the often encountered difficulties related to the measurements
problems (e.g. time-consuming chemical separations required, cross-contamination).

In this work, we used a laser ablation multi-collector inductively coupled plasma mass
spectrometry (LA-MC-ICP-MS) technique to measure directly the Pb isotopic composition
in uranium ore concentrates (yellow cakes). We analysed several yellow cake samples of
world-wide origin. As for this technique virtually no manipulation or chemical separation
is needed, we can avoid the problems deriving from tedious sample preparation, laboratory
blanks and cross-contamination. The analysis could be performed in a few hours. Moreover,
the Pb isotopic-inhomogeneity at micron-scale was measured to assess the different constitu-
ents, another advantage that cannot be accomplished by the traditional, bulk method. The
achieved precision of the Pb isotope ratios was ~0.1%, so it enabled us to easily differentiate
the samples with different origin. The developed technique proved to provide useful addi-
tional information and is considered a promising method in addition to the existing nuclear
forensic tools. Also, other stable isotope ratios using laser ablation ICP-MS are foreseen to
be measured in the future.
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CHNet-MAXI: Muonic atoms X-ray spectrometry for isotopic analysis
of cultural heritage samples
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The measurement of isotope ratios, especially for samples containing lead, is a powerful tool
for provenance studies of ancient artefacts [1], but the techniques used in the archacometry
field are all invasive and destructive (TIMS, ICPMS) [2]. This kind of approach makes them
hardly usable on valuable objects since the authorities and museum for cultural heritage
are hesitant to grant authorization for the use of analytical techniques that are invasive. The
technique that CHNET MAXI experiment aims to develops, and optimize, is based on the
detection of characteristic Gamma and X radiation emitted by the atoms/isotopes following
negative muons irradiation performed at the Rutherford Appleton Laboratory ISIS Neutron
and Muon source in United Kingdom. In the next few years, ISIS has planned to install an
array of detectors to achieve a solid angle coverage of at least 2m, thus significantly increas-
ing the detection efficiency and consequently the sensitivity, for the measurement of both
elements and single isotopes. The goal is to study and select among all the possible reactions,
the most “sensitive” figures of merit that are created following the irradiation of samples
containing different isotopes. A fundamental phase of the experiment would be the study, by
irradiating plates of material enriched in the isotopes 204-206-207-208 of Lead, of all the
possible figures of merit: the isotopic shift of the lead muonic X-rays; the gamma prompt
emission following muon capture; the activated nuclides with their half-life and the emission
of characteristic gamma rays.

In this work, a fundamental contribution will come from Monte Carlo simulations. Start-
ing from the results obtained with the current measurement setup present at PORT4 of the
ISIS Muon source facility, simulations will be performed to evaluate the capabilities of a
high-efficiency germanium array and of a more compact system based on innovative scintil-
lator crystals. The latter combine good energy resolution with a response speed that allows
an increase in the solid angle, bringing the detection system closer to the sample without
excessively increasing the detection dead time. A simulation software that precisely imple-
ments the entire experimental setup will be of fundamental importance. With mu-ARBY, an
application based on GEANT4 it will be possible not only to model different experimental
set-ups and reproduce calibration and measurement experiments on samples of interest, but
it will be possible to simulate the entire measurement setup including the incident muon
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beam and the emission of X-rays and gamma prompts from muon atoms. In particular, the
first phase of the experiment will involve the irradiation of plates of isotopically enriched
material for the isotopes 204-206-207-208 of Lead for the characterization of all the possible
“figures of merit”: the isomeric “shift” of muon X-rays, the prompt gamma emissions fol-
lowing simple muon capture or with neutron emission and finally the activated radionuclides
with characteristic half-life and gamma emissions. The second phase, on the other hand, will
involve, through Monte Carlo simulations, a sensitivity study by “extrapolating” from the re-
sults obtained with the current measurement setup, those obtainable with the high-efficiency
Germanium array.

The development/optimization of the hardware will be a prerequisite for the sensitivity
study; it will be necessary to: implement an acquisition system with bi-parametric analysis
using the latest generation digitizer, to be tested with the current set-up and then implemented
in the 7 HpGe “mini-array”; set up a compact detection system based on innovative scintil-
lators read by SiPM; implement an ad hoc beam monitor for small tags with a compact ac-
quisition system; purchase and test a portable laser scanner system for the implementation of
samples with complex geometries within the mu-ARBY software
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In September 2018 we started operation of our first digital gamma spectrometer equipped
with veto shield. It consist of Canberra (USA) BEGe 5030 detector situated in passive shield
of 15 cm lead shield (inner 5 cm made of 2500 years old lead) with acrylic, Cu, and Cd lin-
ings with LN, flush through shield [1]. The external active shield consist of five large plastic
scintillators (by Scionix, The Netherlands) with the biggest from top having 70x70x5 cm
dimensions. Acquisition is based on CAEN (Italy) digitizer DT5725. Data is registered event
by event with time stamp resolution of up to 4 ns. The analyses if performed off —line using
home written software VETO. The analyses of coincidences allows to find the relative delays
between each pair of detectors. In January 2021 we started operation of the second similar
system, this time with the coaxial type 35% efficiency HPGe detector (by Baltic Scientific
Instruments, Latvia), 10 cm lead shield (~60 years old lead),five large scintillators (by Scio-
nix) and again CEAN digitizer and VETO software used off line. The main feature of veto
shield is approximately 63% further reduction of background in case of detector with 15 cm
lead shield and 42% for the second system (with 10 cm lead). Inside this second shield we
installed 12 containers with distilled water (5 L each) and we started to observe presence of
2223 keV n-capture gamma line. Applied digital acquisition system and off-line data analy-
ses along with manifold ways of data exploration methodes allowed to study muon flux time
variation on a long time basis [2] and now the 60 L of water inner shield allows us to do
similar for neutrons. Despite the appearance of additional gamma line within background the
presence of water reduces the continuum background in range 250-1250 keV and diminished
the other neutron induced gamma lines. The off-line analyses allows also to find the events
with simultaneous passing of more than one muon at time. Moreover, it allows also to anal-
yse the structure of gamma spectrum in certain time period after passing of muon [3]. For
example, the neutron effects start to appear about 1900 ns after a passage of the muon what
is a result of production of neutrons in shield by impacting muon. Plotting a map where on
the energy of registered gamma ray is presented versus the delay from a passage of muon the
X-ray fluorescence peaks are clearly delayed regarding the moment of an appearance of the
annihilation line.More details will be given during a conference.
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Steel is one of the most fundamental and important materials for human kinds. It is known
that the properties of steel are influenced by the amount of impurity elements, such as carbon.
Although there are great needs to quantification of carbon contents in steel, general non-
destructive analytical methods such as X-ray fluorescence (XRF), cannot be applied. Here,
we propose a completely new non-destructive quantification method of sub-percent carbon
contents using negatively charged muons based on their lifetime in a material.

Muons are obtained as a beam with an intensity of about 10° /s by accelerator facilities.
When a muon stops in a substance, the muon is trapped in the Coulomb field of a nucleus
and forms a bound state with the nucleus. Such an atomic system having one muon instead of
an electron is called a muon atom. The captured muon is finally absorbed by the nucleus or
decays into an electron (- decay). Since the absorption rate of muon into the nucleus differs
depending on the atomic number (more precisely, isotope) of muon capturing atom, it is pos-
sible to identify the element by measuring the lifetime of decay electrons.
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We have been developing this method at the muon facility in J-PARC (J-PARC MUSE); the
world's highest intense pulsed muon beam source. Muon irradiation experiments for steel
samples placed in air were conducted and emitted decay electrons were measured by a large
solid-angle electron detector system. Figure 1 shows the muon lifetime spectrum obtained
from muon irradiation for the steel sample containing 0.42% carbon. The spectra were ana-
lyzed by 3 components; iron, carbon and air, and intensity of each component was deter-
mined.

Using standard steel samples, the relation between the muon capture probabilities of C/
Fe and elemental composition of C/Fe was obtained. The detection limit of this method was
estimated to be 140 ppm. Furthermore, by controlling the incident kinetic energies of mu-
ons, non-destructive and depth-selective analysis have been demonstrated for analysis of a
stacked sample consisting of three kinds of steel plates with the carbon contents of 0.2, 0.5
and 1.1%.

In this study, we clarified that high-sensitive, non-destructive and regioselective analysis
of the carbon contents in steel can be achieved by measuring lifetime of muon. Since this
method is non-destructive, this method can be applied for various research fields; it becomes
a powerful tool not only for quality control analysis of steel production, but also for analysis
of precious iron archaeological artifacts.
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Networking activities of European Research Reactors to sustain
scientific use, industrial services, and radioisotope supply
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For many years Europe has had a powerful ecosystem of neutron facilities, supporting an
expert community of researchers, and delivering science, innovation, and competitive ad-
vantage through economic impact for the European society. However, the European neutron
ecosystem is experiencing a period of significant change and has been destabilized following
the closure, prolonged maintenance downtime periods, COVID-19 pandemic-related issues,
or underutilization of a number of facilities.

The TOURR (Towards Optimized Use of Research Reactors in Europe, https://www.tourr.
eu/) project, funded by the Euratom research and training programme 2019-2020 under grant
agreement No. 945 269, aims to evaluate the current and future needs for Research Reactors
and neutron sources in Europe. The main targets of the project are to assess the impact of the
decreasing number of RRs, identify future needs (including potentially new neutron sources),
draw a roadmap for the upgrade of the existing RR fleet, and develop a model for harmo-
nized resource utilization. The natural starting point for this analysis was to get a picture of
the current situation. A questionnaire has been distributed among RR operators and based on
the results of the initial analysis, ENEN produced a data base of European research reactors
and their respective utilization. Based on these inputs, a detailed SWOT and gap analysis has
been made. A common toolkit and a collaboration platform are being developed to facilitate
smooth collaboration and to take advantage of the complementarities.

Another aim of the TOURR project has been to evaluate the current and future need for
neutron sources to produce medical radioisotopes in Europe. This effort culminated in the
idea of the SECURE project (Strengthening the European Chain of sUpply for next-genera-
tion medical RadionuclidEs, https://enen.eu/index.php/portfolio/secure-project/), financed in
the HORIZON-EURATOM-2021 call. SECURE project aims to make a major contribution
to the sustainability of medical isotope production and its safe application in Europe. It is fo-
cusing on promising developments in the design of irradiation targets and production routes
for existing and new isotopes in nuclear therapy and diagnostics. Isotopes critical in the suc-
cess of nuclear medicine are selected and research activities are identified to address some of
the major challenges in securing its future availability, with the objective to remove critical
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barriers along the production of selected alpha- and beta-emitting isotopes that restrict their
sustainable production by reactors and accelerators.

The League of advanced European Neutron Sources (LENS, https://lens-initiative.org/), a
collaboration comprising nine European-level neutron research facilities, supports the inter-
national scientific community by providing access to beamline instruments and/or offering
related expertise. Within this collaboration, BNC called for "BNC LENS beam time" pro-
posals in February 2022 to ease the unprecedented shortage of neutrons in several neutron
sources all over the world. The action targeted neutron users whose experiment(s) have al-
located beam time at any LENS facility's user program but not yet scheduled for any reason,
provided that - at least an essential part of - the experiment is technically feasible to accom-
plish on BNC instruments.
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Extension of IAEA recommended cross section data base for production
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Radionuclide-based diagnostics and therapies require a proper selection of the nuclear
production route based on knowledge of the reaction excitation functions and the derived
achievable yields. Data on the possible radionuclide impurities are also important. Optimiza-
tion of reliable cross section values for those isotopes of interest in medical applications are
of considerable interest to IAEA-NDS. Several actions to set up a database for recommended
cross-sections and associated nuclear decay data for the charged-particle reactions used for
medical radionuclides production have been started over the last 25 years. In the last pe-
riod new candidate therapeutic isotopes appear. An extended study of the reaction list makes
the selection of the optimal reaction easier and depends on many factors (available beam
particles and their achievable energy range, targetry and possible recovery problems with
enriched target materials, production yield, radio-nuclidic impurities and necessary chemi-
cal separation processes). In the present work the existing IAEA data base for production of
therapeutic isotopes was extended, with recommended cross section for 60 nuclear reactions
leading to formation of 4’Sc, ¥’Ca(*’Sc), %¥™Co, "'As("'Ge), "'Ge, 7'Br, 8™Br, 3Pd(!™Rh),
103Ry(103mR ), 105RK, 117mSn, 1198k, 134Ce, 135La, 161Tb, 165Er, 165Tm(195Er), '6'Tm, '9"mHg,
197¢Hg and 23°Pa. Systematics and difficulties encountered during compilation, evaluation
and Padé¢ fitting on selected published experimental cross sections values are discussed.

The data base includes figures of all available data in comparison with the theoretical
predictions available in the TENDL 2021 library. Also the selected experimental data and the
recommended data with uncertainties obtained by Padé fit and the calculated physical yields,
based on recommended data are shown. Numerical values for recommended data and for the
deduced integral yields are shown in tables and all information will be available on the Web
page of the IAEA Nuclear Data Section at https://nds.iaea.org/radionuclides and also at the
IAEA medical portal https://nds.iaca.org/medportal.
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Improvement of the analytical workflow for prompt-gamma activation
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The analysis workflow of Prompt gamma activation analysis at the Budapest Neutron Cen-
tre’s PGAA and NIPS-NORMA facilities, at the MLZ FRM II PGAA station, and many other
centers worldwide relied on the use of the well-known Hypermet-PC gamma spectrometry
software and the ProSpeRo concentration calculation Excel macro. This evaluation proce-
dure was established in the late nineties and was compatible with the computing environment
and data acquisition hardware of that era. The procedure has been validated for several matri-
ces and provided excellent results, as well as uncertainty budgets for about twenty-five thou-
sand PGAA spectra over the years. However, the peak fitting procedure was cumbersome
and required up to an hour of an experienced analyst for a complicated spectrum, such as
metals. Moreover, the event count rate of the detector had to be limited to avoid the distortion
of the peak shapes. The sustained interest of our user community called for a higher sample
throughput of the existing PGAA facilities, which needed improvement in both hardware
and software aspects. To achieve this goal, and establish a common basis for the analytical
practice, a Budapest-Garching collaboration was formed.

From the hardware side, computer-controlled sample changers and neutron collimators
were installed, the unattended mode of data taking was worked out, and new, state-of-the-
art gamma spectrometers were put in place. After careful testing, the ORTEC DSPEC 502A
model was found to meet the challenges of neutron-capture gamma spectroscopy. It demon-
strated superior energy resolution, a more symmetric peak shape, even in the noisy environ-
ment of a reactor’s experimental hall, can handle the non-ideal RC-feedback preamplifier
signal shape of our HPGe detectors, and can collect energy spectra in 64k histogram bins.
With the dual-input model, one can implement digital Compton suppression, which is an al-
ternative to analog Compton suppression circuits made of many NIM modules. Most impor-
tantly, the spectrometer has about a threefold increased count rate tolerance, directly reducing
the needed beam time per sample, while still maintaining a fittable peak shape.

The much-improved data acquisition had to be matched with a capable and more auto-
mated evaluation procedure. The increase of the histogram channels from 16k to 64k makes
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the bin width comparable to those used in NAA; this improves the attainable Chi-squares
during peak fitting, especially for the intense, low-energy multiplets. To properly analyze the
64k SPC spectra and the dual unsuppressed/suppressed output saved in the N42 format, the
2022.2 version of the Hyperlab software package was developed. Its nuclear database, effi-
ciency-, nonlinearity-, and peak width calibrations, as well as its evaluation algorithms, were
fine-tuned towards the needs of PGAA so that after an automated fit, the spectrum regions
require much fewer user adjustments than previously with the Hypermet-PC. This makes
the spectrum evaluation overall more efficient. The PeakFit utility, intended to evaluate the
Doppler-broadened boron peak and the annihilation region, was also revised to handle the
new spectrum properties.

Finally, the ProSpeRo concentration calculation Excel macro was made compatible with
Hyperlab’s efficiency and peak list format. The other new features of ProSpeRo will be high-
lighted in a separate presentation.

We gratefully thank the financial support of the Infrastructure Upgrade Initiative of the
Centre for Energy Research as well as the project K124068 by the NRDI Fund of Hungary.
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Archaeological iron finds often undergo a secondary destructive corrosion process after ex-
cavation, in which chlorine present in the corrosion layer of such artefacts is supposed to
play a major role [1]. It is therefore desirable to be able to determine the chlorine content of
such objects in a non-destructive manner. While chemical methods require the dissolution
of the objects, and X-ray fluorescence is of little use since it probes only a very thin surface
layer, neutron activation analysis using prompt gamma rays (PGAA) is well suited to mea-
sure chlorine contents in the ppm range in iron. Since PGAA uses an external neutron beam,
rather large pieces can be studied. The neutron irradiation produces practically no long-lived
radioactivity in the studied objects. These can therefore be returned to museum collections
within days or weeks after the analysis.

PGAA studies of archaeological iron objects were performed at the Heinz Maier-Leibnitz
Zentrum in a neutron beam of about 2x2 ¢cm? cross section or smaller at an attenuated neutron
flux between 1 and 5x108 cms'!. A Compton-suppressed spectrometer consisting of a 60%-
HPGe detector surrounded by a BGO scintillator in anti-coincidence mode was used to detect
the prompt gamma radiation of Fe and Cl. The data were acquired by a digital DSPEC-50
spectrometer. The mass of iron in the beam was between 1 and 10 grams. It can be determined
from the intensity of the prompt gamma rays of iron. The CI content was determined from
the intensity ratio of typical Fe and Cl gamma lines. Within a measuring time of one hour a
relative statistical accuracy of about 5 % can be obtained for this ratio. The detection limit
for Cl in iron is about 10 ppm. In order to decide on appropriate methods of conservation of
iron artefacts, it is important to know the amount of CI in an object. In a study of about 50
iron artefacts from Celtic sites in Bavaria, many from the oppidum of Manching, which were
excavated between about 1890 and 2013 it turned out that these objects show a considerable
scatter of the Cl content (about 20 to 3000 ppm), not only between different objects, but also
within the same piece. Objects excavated at the end of the 19™ century contain as much Cl as
objects excavated only recently, in contrast with the idea that the widespread use of fertilizers
in the last decades causes increased Cl contents of buried iron artefacts.
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It is common practice in the conservation of iron artefacts to subject them to Cl extraction
procedures. The most widespread method is leaching in alkaline solutions, a process that
usually takes months. Using standard methods, the effectivity of the leaching process can be
estimated only by measuring the amount of Cl in the leaching solution. PGAA allows one to
study the residual Cl content of leached objects. We have tested standard leaching methods
in this way. The effectivity of heating specimens to temperatures up to 800 °C in reducing
atmospheres was also tested, both with archacological specimens and with test samples pre-
pared in the laboratory. These studies were accompanied by X-ray diffraction and Mossbauer
measurements of the transformations of the iron oxyhydroxides in the corrosion layers.

Reference
1. D.A. Scot and G. Eggert, Iron and Steel in Art, Archetype Publications, London 2009
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The isotope **Mn is a radionuclide produced primarily during explosive stellar burning
phases in both thermonuclear and core-collapse supernovae explosions. Although the pri-
mordial >*Mn in the Early Solar System is now extinct, its former presence can be observed
by enhancements of its daughter **Cr in meteorites and asteroidal samples. The 33Cr/>?Cr
isotope ratio derived from a "fossil isochron", in conjunction with precisely determined Mn/
Cr abundance, provides a proxy of the >*Mn/**Mn isotope ratio at the formation-time of our
Solar system and can thus be used as a chronometer for the dating of alteration events in that
time period. In addition, the >*Mn/>>Mn isotope ratio can be used directly as a chronometer
for dating surface exposure and burial time of sediments on Earth up to 20 Ma back [1], given
the half-life is known with sufficiently low uncertainty.

The present work reports on the determination of the half-life of >*Mn using a combina-
tion of isotope dilution mass spectrometry for the measurement of the numbers of atoms, and
liquid scintillation counting for the measurement of activity. A combination of high mass
resolution Multi-Collector Inductively-Coupled Plasma Mass Spectrometry (MC-ICP-MS)
and Thermal Ionization Mass Spectrometry (TIMS) were used for the determination of the
number of 3*Mn atoms, whereas the activity was determined using several Triple-to-Double
Coincidence Ratio setups (TDCR).

The 33Mn sample, chemically separated from irradiated steel samples, underwent an iso-
tope mass separation using the off-line radioactive ion beam facility of the RISIKO laser
mass separator facility to get rid of 33Cr and **Mn. These isotopes would interfere with the
mass spectrometric and activity measurements.

We will present the deduced half-life as well as the details on the sample preparation and
the corresponding mass spectrometric and activity measurements [2].

References
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Over the last twenty years, we have made tremendous strides in the radiochemistry com-
munity to improve analytical techniques to measure actinides such as plutonium, uranium,
americium, curium, and thorium in a wide range of challenging sample matrices, including
water (seawater to drinking water), soil, air filters, rocks (granite, limestone and marble), bio-
assay samples (urine and fecal), food samples (animal tissue, up to 1 kg of rice), and build-
ing materials (steel and concrete). In addition to long-lived radionuclides, there have been
significant analytical advances in rapid analytical techniques to measure shorter-lived radio-
nuclides such as strontium-89/90, radium and polonium isotopes. More recently the radio-
chemical advances we have developed together are being applied to high level plutonium and
uranium materials (metals/oxides), as well as to the fast-changing world of nuclear medicine.
How did this happen? What were some of the drivers for these improved capabilities? What
gamechangers were in play? The benefits that have been realized include faster turnaround
times, reduced costs, improved quality such has higher chemical yields and more effective
removal of chemical interferences. These advances have also improved emergency response
and response to radiological events, including occupational events such as a puncture wound
or inhalation requiring rapid measurements and timely medical treatment to minimize dose.
The novel approaches that got us here will be examined, while recent developments will be
noted and future needs discussed.
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Rapid development of civilian nuclear power in the global and upcoming discharge of tri-
tium-contaminated wastewater from Fukushima may significantly increase regional trititum
levels in the near future'. For better assessing the operational status of nuclear faculties and
the potential radioecological impacts on environments, there is a need to obtain high-resolu-
tion and reliable environmental trittum monitoring data. Although the time-integrated moni-
toring method, which integrates passive sampling and liquid scintillation counting (LSC)
analysis, provides a low-cost and convenient way to achieve the above goal, it is difficult to
use a simple sampler design and a single LSC analysis protocol to monitor atmospheric triti-
ated water vapor (HTO) in varied environments®. In this presentation, we would introduce
our recent efforts to address these problems. Briefly, we systematically studied the factors
controlling sampling performance and developed different sampler designs for indoor and
outdoor HTO monitoring?3. Using active sampling devices, we quantitively evaluated the
sampling performance (i.e., sampling rate, sampling stability, and environmental flexibility)
of new-designed passive samplers. In addition, we optimized the LSC preparation protocols
for different monitoring proposes*. Combining above efforts, we proposed a framework for
atmospheric HTO monitoring in different environments, which has been successfully applied
in investigating large-scale HTO baseline in mainland China’ and constructing 3D HTO dis-
tribution matrix in a reactor hall. As a result, our work would provide practical experience
in acquiring high-resolution tritium data, which is hoped to better address future challenges
posed by increased anthropogenic tritium emissions to the field related to nuclear safety and
ecological health.
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The underground laboratory (UL) is an element of the scientific infrastructure system, which
enables research to be carried out in low radioactive background conditions. These excep-
tional (unique) circumstances can be used to conduct experiments in physics, astrophysics,
geophysics, biology, electronics, etc. The choice of the optimal location for such UL must be
a compromise between economy, access to the site, local structural stability, and the safety of
humans, etc. However, one of the most critical parameters is a low radioactive background
mainly related to the type of deposit, site depth and ventilation efficiency.

In 2022, the Institute of Nuclear Physics Polish Academy of Sciences (IFJ PAN) signed a
letter of intent together with the “Bochnia” Salt Mine (BSM) and the “Wieliczka” Salt Mine
(WSM) to conduct joint research. Both mines are well-connected with academic centres in
Poland, including Krakow (45 km and 15 km from Bochnia and Wieliczka), capable of pro-
viding scientific staff and specialised technical services for future research. BSM and WSM
are now official Polish Historical Monuments and UNESCO world heritage sites. However,
the lower technical levels (about 200 - 300 m deep) can be used as excellent scientific sites.

Based on the intent document, preliminary studies of the activity concentration of natural
radioisotopes (3+*3%U and 2*2Th, which required radiochemical preparation and *°K) in rocks
and water (brine) using alpha and gamma spectrometry, >*?Rn in the air as well as in situ gam-
ma-ray measurements, were carried out. The obtained data set that will be presented at the
conference indicates that both locations (BSM and WSM) may be considered as potential UL
locations at a depth of about 700 m w.e. (water equivalent) where measured in-situ gamma
radiation count rate in the energy range 40 — 2700 keV per mass of Ge is between 40 — 150
skgg, !, effective radiation dose rate varied from < 10 to 40 nSv/h. Based on the literature
data [1], muon flux equals about 0.06 m2s!. These results showed a low level of natural ra-
dioactivity and indicated both locations as appropriate for planned scientific activities.
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Uranyl (UO,*") species with hexavalent U(VI) oxidation state is the most ubiquitous form of
uranium in natural minerals, underground water, contaminated soils, and ocean. Interplay be-
tween bioorganic molecules and U(VI) is rather complicated due to its various complex con-
figurations and reaction network. In this study, the widely present phytic acid (IP,) is selected
as a model organic molecule together with the bacteria Shewanella putrefaciens (S. putrefa-
ciens, existing mainly in marine environments) to explore its role on U(VI) biomineraliza-
tion. We find that phytic acid has a clear inhibition effect on the U(VI) removal of S. putrefa-
ciens, with the absorption capacity drop from 382.77 mg/g to 102.45 mg/g. Further Dialysis
experiment suggests that phytic acid tends to chelate with U(VI) to form colloid polymer due
to the coordination of the oxo-ligand of phytic acid to uranyl dication. Quantum-theoretical
modeling has confirmed that phytic acid binds strongly with uranyl ions, while calcium and
magnesium ions can bind with phytic acid as well via ionic bonding, thus relieving the inhi-
bition effect of phytic acid in the solution through breaking the hydrogen bonding network.
XRD and SEM-EDS results show that phytic acid can hinder the formation of mineralized
body (Metanatroautunite [Na(UO,)(PO,)-3H,0]) and prefers to form amorphous material.
Further FTIR and XPS data illustrate that the bacteria mainly interact with U(VI) through
phosphorous functional groups. This study presents detailed information for colloid forma-
tion between phytic acid and U(VI) as well as the critical role of Ca?>* and Mg?* ions on the
matrix of S. putrefaciens bacteria, thus providing molecular-level microscopic understanding
on the chemical behavior of U(VI) in the presence of inorganic and organic ions in the soil.
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Industry remains an important source of environmental contamination by heavy metals and
metalloids which may pose a serious threat to the ecosystems and the population. Especially
the alumina production from bauxite ore gives rise to large amount of liquid and solid wastes
since the production of 1 kg of alumina involves same weight of solid residue, the well-
known red muds enriched in iron and heavy metals. Up to now, without any valorization of
by-products, the red muds are stored in artificial ponds which are a potential source of pollut-
ants for the surroundings due to the uplift of red dust under strong wind conditions. The study
of plants allows filling the gap of knowledge concerning air quality over a wide potentially
contaminated area. Thus, the current work aims to compare the activity concentration of
natural radionuclides (3**U, decay products and **Th) in plants leaves (quercus robur and let-
tuces), in grains (wheat) and leaf vegetables with those of aerosols and the potential sources
of atmospheric particles from soils and above all the red dust emitted from the dried ponds
and from the piles of bauxite.

The activity concentration of natural radionuclides such as 2*3U, some decay products and
232Th was determined in plants samples taken according to the two dominant wind directions,
at plots located 100 to 1,500 m from the basins. Furthermore, the atmospheric particles were
taken in the same areas, using a high-volume aerosol sampler. The increase of 2*Th and 233U
activity concentration in a few trees leaves (a factor 9 and 4, respectively) and in some aero-
sols samples is accompanied by a decrease of 238U/?3?Th activity ratio of these matrices. Such
low ratio suggests that the airborne particles emitted by bauxite piles and red mud basins
- those latter’s are also characterized by low 2*3U/?3?Th - first contaminate the atmosphere
and then the leaves surface, after deposition. Available at distance greater than 1,000 m from
the ponds, locally produced foodstuffs do not show any excess of radionuclides, suggesting
low influence of airborne micro particles from the alumina production. Thus, the actinides
measured in leaf vegetables rather derived from the soil micro-particles deposited onto leaves
than from an anthropogenic sources.
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alanine-conjugates—Radiolabeling and preclinical investigations

Penelope Bouziotis', Kavita K. Katti’", Danai Efraimia Bajwa’,
Evangelia-Alexandra Salvanou!, Alice Raphael Karikachery’, and Kattesh V. Katti?

'Radiochemical Studies Laboratory, INRASTES, NCSR “Demokritos”, 15341 Ag. Paraskevi, Athens,
Greece

nstitute of Green Nanotechnology, Department of Radiology, University of Missouri Medical
School, One Hospital Drive, Columbia, Missouri 65212, USA

“E-mail: kattik@health.missouri.edu

Keywords: Katti Peptides, Tc-carbonyl, breast tumors, SPECT imaging, sustainable and green

In order to meet the increased demand for biomass accumulation and to sustain redox ho-
meostasis, tumor cells manifest diversion of glucose metabolism through upregulation of
amino acid metabolism. Mitochondrial dysfunction of cancer cells results in loss of the abil-
ity to synthesize essential, as well as specific non-essential, amino acids adequately to sup-
port their rapid growth, metastases and proliferation. This results in increased demand from
cancer cells for amino acids through upregulation of amino acid transporters which are over
expressed on the surface of tumor cells. For example, two amino acid transporters, SLC7AS
and SLC7A11, have been shown to be essential for the growth and proliferation of breast
tumor cells. The exogenous amino supply-dependent tumor biological characteristics of tu-
mor cells, therefore, presents unprecedented opportunities to develop amino acid-radiola-
beled probes for both diagnostic imaging and therapy of various cancers. Our radiolabeling
strategy of amnio acids is based on a trimeric amino acid structural motif because trimeric
amino acid/peptide structures efficiently promote receptor-mediated intracellular delivery of
radiolabeled drugs into tumor cells. We herein present the utility of both the trimeric D- and
L-alanine called as ‘Katti Peptides’ (See Figure 1), discovered in our laboratories for ra-
diolabeling with a SPECT imaging Tc-99m-tricarbonyl probe. Radiolabeling protocols and
preclinical tumor targeting of °*™ Tc(CO)3-labled with both trimeric D- and L-alanine ‘Katti
Peptides’ are discussed. We discuss in this presentation on how the efficient metabolism of
both D- and L-trimeric alanine (Katti Peptides) by tumor cells can be used as an effective
targeting strategy to image breast tumors through SPECT imaging using [**™Tc]Tc-D- (or L-)
trimeric alanine peptide radiopharmaceuticals. Green and sustainable approaches for radio-
pharmaceuticals design using D- and L-alanine Katti Peptides, their radiolabeling protocols
with ™Tc and details of preclinical investigations using tumor-bearing SCID mice bearing
4T1 breast cancer xenografts, and comparisons of the in vivo kinetics of the radiolabeled
amino acids will be discussed.
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Figure 1: Structures of multidentate trimeric D- and L-alanine (Katti Peptides)
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Ga-68-Trivehexin for imaging of carcinomas: The way to clinics

Johannes Notni

TRIMT GmbH, 01454 Radeberg, Germany
E-mail: tum@notni.de

In the context of nuclear medicine and theranostics, integrin-related research and develop-
ment was, for most of the time, focused predominantly on 'RGD peptides' and the subtype
avB3-integrin. However, there are no less than 24 known integrins. The subtype avf6-
integrin is found on epithelial cells, and is up-regulated in various carcinomas, in fibrotic
diseases such as IPF, and furthermore in the lung tissue of patients suffering from Long
Covid syndrome. Hence, avB6-integrin is a highly interesting target for nuclear imaging and
therapy. Ga-68-Trivehexin is a Ga-68-labelled trimeric conjugate of an cyclic nonapeptide
as a highly specific PET tracer targeting avB6-integrin. A high target specificity of this ra-
diopharmaceutical was confirmed in preclinical studies. First clinical application proved its
suitability for sensitive PET-imaging of pancreatic carcinoma and HNSCC [1]. The results of
Ga-68-Trivehexin imaging in approx. 50 PDAC patients will be discussed. The results of an
on-going immunohistochemistry drived study of avB6-integrin expression in human cancer
specimen furthermore confirmed its up-regulation in various other carcinomas, e.g., ovar-
ian and lung adenocarcinoma. Since recent literature even reported the expression of av6-
integrin in lung lesions associated with the long covid syndrome, Ga-68-Trivehexin seems to
be a versatile tracer with a high clinical potential.
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Development of radiochemical techniques for the measurement
of (n,2n) cross sections at the National Ignition Facility
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The National Ignition Facility (NIF) is an Inertial Confinement Fusion (ICF) research facil-
ity at Lawrence Livermore National Laboratory. During an ICF shot, a high-density carbon
(HDC) capsule filled with deuterium and tritium (DT) is compressed to extreme densities
and temperatures with 192 high energy laser beams. The resulting DT fusion produces alpha
particles and a significant yield (currently up to 10'®) of 14.1 MeV neutrons in a short pulse
(~100 ps). Material on the inside of the target capsule sees extremely large neutron fluxes
(107733 n/s/cm?), allowing cross section measurements to be made with low amounts of target
material (~10'3 atoms). The non-thermal, 14.1 MeV neutron spectrum and exceedingly small
amount of target material required for measurements allows for the study of reactions that
cannot be measured at conventional nuclear reactor or particle accelerator facilities.

To take advantage of these unique capabilities for cross section measurements at NIF,
target material must be added to the inner surface of HDC NIF capsules. These capsules are
2-mm (outer diameter) with a 10 pum fill hole, which is used to add the DT fuel. Any dopant
added to the capsule must be extremely pure and contained in a very small volume of solu-
tion as the total volume of the capsules only ~3 pL and contaminants, such as salt (Na, K,
Ca, etc.), can easily plug the microscopic fill hole after solution is added and dried. Two sys-
tems have been successfully developed with capabilities for doping NIF capsules. The first,
Apparatus for NIF-Doping Automated Robotic Injection System for Targets (ANDARIST),
is based on microinjection of material through the fill hole with a micro-capillary. The other
system, Vacuum Optimized Radionuclide-to-Capsule Administer for NIF (VORCAN), uses
a vacuum to pull liquid into the capsule.

To measure a cross section at NIF, the capsule must not only be doped with the nuclide
of interest, but also a flux monitor with a well-characterized cross section to enable accurate
calculation of the unknown cross section. However, this requires the isotopes with known
and unknown cross sections are intimately mixed and chemically similar to minimize frac-
tionation in the NIF shot. Both isotopes must have an additional tracer isotope to quantify
for both the insertion into the capsule and the post-shot collection efficiency. Based on these
stringent parameters, a specific radionuclide cocktail must be determined for each experi-
ment and new radiochemical techniques that have been developed to meet these needs will
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be discussed. Reaction products are collected via Solid Radiochemistry Collectors (SRC) in
the NIF target chamber. These can be removed post-shot for gamma-ray spectroscopy and
radiochemical separations, as needed, to analyse the reaction products. Radiochemical sepa-
rations for analysis of post shot debris will be discussed.

Initial efforts for cross section measurement at NIF are focused on the measurement of the
8Y (n,2n)*Y and #3Y (n,2n)®7Y reaction cross sections, which can be used as a benchmark for
future cross section measurements. Initial results from NIF shots with doped capsules will be
discussed as well as efforts to quantify rare earth element fractionation during the NIF shot.
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Towards aqueous chemistry of superheavy elements @ FAIR
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Currently the international accelerator facility FAIR, one of the largest research infrastruc-
ture projects worldwide, is under construction in Darmstadt, Germany. The scientific user
community of FAIR is organised in a set of experimental collaborations, one of which is
NUSTAR — Nuclear Structure, Astrophysics and Reactions. The NUSTAR collaboration is
focused, among others, on Superheavy Element Research (SHE). The SHE-subcollaboration
within NUSTAR@FAIR perfors cutting-edge SHE research maintaining also a leading po-
sition for the search for new superheavy elements. Among the world-class equipment, the
gas-filled physical preseparator TASCA is already operational and studies of the chemistry
of SHESs in gas phase, as they are already ongoing, are foreseen to be extended within FAIR.

Czech Republic is an associated member of FAIR since March 2019. Czech research in-
frastructure FAIR-CZ (Facility for Antiproton and Ion Research - participation of the Czech
Republic), included in the Roadmap of Large Infrastructures for Research, Experimental De-
velopment and Innovation of the Czech Republic, addresses the approach of the Czech Re-
public to FAIR. The in-kind contributions to FAIR construction will consist of contribution
to some of the experiments and supply of some key equipment. Since 2023, a new research
topic and group — Aqueous chemistry of SuperHeavy ElementS (ASHES) — became a part of
the FAIR-CZ team.

The ASHES collaboration was formed around a new SHE homologues laboratory com-
missioned at the Nuclear Physics Institute (NPI) Rez at the U-120M accelerator beamline
as a joint effort of Czech Technical University in Prague (CTU), University in Oslo (SISAK
group) and the Nuclear Physics Institute Rez. The focus of ASHES is on miniaturization of
liquid-phase chemistry by introducing elements of microfluidic chemistry, such as the chem-
istry-on-the-chip, aiming at orders-of-magnitude decrease of the consumption of chemicals
and making full use of its potential for acceleration. The in-kind contribution of ASHES to
FAIR will be a microfluidic device for liquid-phase chemistry of SHE comprising a) acrosol-
to-liquid low-flow system, b) microfluidic liquid-liquid extraction and phase separation chips
set-up, ¢) electrochemistry chips set-up, and flow-through on-line detectors and verified ex-
perimental techniques. The modules are and will continue to be successively tested in the
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SHE homologues laboratory in Rez focusing on Sg (Mo and W homologues) and prospec-
tively also Nh (T1 homologue) chemistry and building on the previous and on-going research
such as Modular robotic gas-jet target system (MARGE) design and commissioning, new
concept for Gas-jet conversion into liquid stream using the Particle into Liquid Sampler
(PILS), Microfluidic liquid-liquid extraction set-up commissioning and use for the Sg and Nh
homologues studies, microfluidic electrochemistry or on-line gamma- or alpha-spectrometry
in solution. Examples of these studies will be given in the presentation.
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Nature resourced radiochemistry: Proposed in RANC 2019,
Status in RANC 2023
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India

2Sidho-Kanho-Birsha University, Ranchi Road, Purulia 723104, India

E-mail: susanta.lahiri@skbu.ac.in

In the second International conference on radioanalytical and nuclear chemistry (RANC
2019), we proposed nature resourced radiochemistry. In nature resourced radiochemistry, the
chemical is identified from nature and would be used in radiochemical separation studies.
In 2019, it was a mere proposal and stray literature review, In the conference we received
suggestions on this new field of research which helped a lot to develop this new field as sci-
entifically vibrant. In last three years, we have developed successfully radioanalytical separa-
tion schemes with nature resourced chemicals mainly with two components of tea, caffeine
and catechin. As the radioisotopes are produced in no-carrier-added state, therefore it is not
possible to experimentally determine the structure of metal-ligand complex. Therefore, we
have taken the help of DFT calculations to determine the structure of radioisotope-caffine or
radioisotope-catechin complex. In the conference, I shall discuss in details the development
of nature resourced radiochemistry that took place in last four years.
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Production, separation and detection techniques for chemical studies of
superheavy elements
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The 7" period of the periodic table of elements is completed with the discovery of superheavy
elements (SHE) up to element 118, oganesson (Og) [1]. With increasing atomic number, the
SHE production cross sections and their lifetimes significantly decrease to picobarn and sub-
seconds, respectively. This makes the study of chemical properties of SHE extremely chal-
lenging. The high nuclear charge in SHE influences the electron shell structure strongly and
thus also their chemical properties. This causes deviations of the chemical behaviour relative
to that of their lighter chemical homologs [2]. Chemical studies of SHE comprise several
individual tasks: i) SHE production, ii) physical and chemical separation, and iii) detection.
Most advanced techniques, ensuring the most efficient production and separation, as well as
the unambiguous detection and interpretation, are needed for successful chemical studies [3].

Production requires highly intense beams of rare stable isotopes, provided from continu-
ously improved heavy ion accelerators. These beams impinge on radioactive actinide targets,
which have to withstand highest beam intensities. Prior to the chemical separation, atoms or
ions of the superheavy elements should be selectively transported from their production site
to a chemical setup. The combination with a kinematic recoil separator used as a pre-separa-
tor has proven to be the most advanced method in SHE chemistry studies. The chemical sepa-
ration techniques in the gaseous phase (gas-phase chromatography) are less time consuming
and thus more efficient than the separation techniques in (aqueous) solutions, e.g., liquid-
liquid extraction and ion exchange chromatography. Thus, to date, only the former technique
was applied in chemical studies with elements beyond seaborgium (Sg, element 106) [3].

Comprehensive studies of these aspects resulted in many achievements at GSI Helmholtz-
zentrum fir Schwerionenforschung, similarly to other heavy-ion accelerator laboratories [4].
Continuous developments of the gas chromatography and detection techniques allowed per-
forming series of successful experiments with element 113, nihonium (Nh), element 114,
flerovium (F1) and element 115, moscovium (Mc) at GSI behind the gas-filled recoil separa-
tor TASCA [5, 6]. For the chemical identification of more short-lived elements beyond Mc, a
new faster technique for the extraction of SHE ions into a chemical separation and detection
setup is required. A new compact gas-stopping cell UniCell is being under development now
and it will allow shortening the extraction time by a factor of 100 [7].

The breadth of technical aspects of the SHE chemistry will be discussed with the focus on
the efficiency and the unambiguous chemical identification of the heaviest elements.
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Rapid actinide isotopic analysis by wavelength modulation spectroscopy
in an atomic beam

Alonso Castro”, Wei Wei
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We present our results on the development of methods and instrumentation for the isotopic
analysis of the actinides. The method consists of generating an atomic beam by heating a
small amount of sample to temperatures up to 2000 °C. The atomic beam is interrogated by
a tunable diode laser with a 300 kHz bandwidth, which is much narrower than the typical
atomic absorption widths of the actinide isotopes. Thus, measuring the absorption spectrum
of'the actinide sample reveals its isotopic composition. In addition, in order to greatly increase
the sensitivity of the technique, we have incorporated wavelength modulation spectroscopy
techniques to our instrument. To this end, the laser wavelength is rapidly modulated at 8 kHz
by a sinusoidal current. As the interaction between the rapidly modulated laser wavelength
and the frequency dependent cross-sections introduces new frequency content centered at
the harmonics of the modulation frequency f,, absorption can be detected at the modulation
harmonics nf,,. By doing so, detection is shifted into the high-frequency domain and low-
frequency additive noise can be rejected. We have demonstrated the technique to determine
isotope ratios of uranium samples at various levels of enrichment in under 10 minutes.
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Plutonium pyrochemical processes are utilized for various purposes including Pu metal for-
mation and Pu metal purification. This presentation will outline the current investigation
of metal pyrochemical processing byproducts for plutonium and other trace metal content.
Many large-scale metal separation processes will yield considerable amounts of salt and cru-
cible byproducts that can contain high amounts of Pu and other metal impurities. Understand-
ing the concentrations and total amounts of plutonium and other elements in the byproduct
residue is critical for waste management purposes, as material sent for waste disposal needs
to contain as little plutonium as possible. The goal of this study is to determine the total Pu
content in certain waste materials and identify other trace impurities that might be present
alongside Pu, especially those that might impact waste disposal and potential Pu recovery.

Various non-destructive techniques were used to determine concentrations of plutonium,
americium-241, and neptunium-237, including gamma spectrometry and neutron counting.
For other trace metals, destructive techniques including inductively coupled plasma spec-
trometry were used. Results from this study can aid in determining if the Pu and other trace
element content in byproduct salts and crucibles would make these materials suitable for safe
disposal and potential Pu recovery. LA-UR-23-20442.
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Advancement in analytical device miniaturisation through microfluidic technology offers an
alternative approach towards radiochemical analysis. When compared to traditional mac-
roscale analytical process, microfluidics devices manipulate and process fluid samples typi-
cally in the microlitre range, which provides benefits in terms of more efficient mixing and
precise conditions control that are not feasible in macroscopic systems while reducing waste
generation.

Microfluidic extraction devices are fabricated using poly (methyl methacrylate). Recovery
and separation of uranium from trace elements relevant to the nuclear fuel cycle are demon-
strated using UTEVA® chromatographic resins packed within the microdevice in concentrat-
ed nitric acid media. enabling analysis of nuclear materials with a drastic volume reduction
to <2 ml per analysis.

A novel online analytical system was also developed in parallel. Where flows from the
microfluidic separation system are redirected towards a coupled ICP-MS system, enabling
online analysis of trace elements and actinide as it is separated within the microdevice with
minimal operator — sample interaction. Such an online microdevice — ICP-MS/OES system
enables automated separation-detection of radioactive samples within 2 hours of sample up-
take while generates less radioactive waste, satisfying the As Low As Reasonably Achievable
(ALARA) principle.
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Figures

Figure 1. Liquid management system for the microfluidic separation device, including sample/reagent
reservoirs that can be contained in an area of 13.4 x 18.5 cm. The overall footprint of the microdevice plus
auxiliary systems can be contained within an area that is less than the area of a standard A4 paper.
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The precise analysis of plutonium materials for process development, fundamental research,
regulatory and specification requirements currently rely on destructive, wet chemistry meth-
odologies. These processes add considerable complexity and cost to plutonium analysis as
well as generating waste.

We will present innovations to this conventional approach. [1][2][3] Analytical develop-
ments are specifically aimed at reducing the process hazard and improving efficiency. Recent
work using portable gamma spectrometry and process automation will be discussed as well
as applying non-destructive techniques to solid actinide samples underpinned by wet chem-
istry.

A scalable sample containment system will be discussed to allow multiple analysis tech-
niques to be applied to a sample non-destructively prior to wet chemistry. The sample can
be cleared in this containment from the glovebox and can be handled in the open laboratory.
Actinide samples were consistently produced and prepared to a precise geometry to enable
calibration approaches to reference standards to be established. Radiometric, X-ray fluores-
cence, spectroscopic and microscopic techniques can then be applied to the same sample.
We will present recent results on measurement of trace elemental impurities and other key
analytes compared to quality assured wet chemistry methods.

Overall, these developments allow us to work faster and in a safer and more efficient man-
ner.
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Proficiency test exercise data are a valuable resource for analysing trends in analytical ca-
pabilities of the measurement community, particularly when such data is available over an
extended time period. This presentation uses data from a series of proficiency exercises for
radioactivity measurement where traceable assigned values for >*! Am and ***Cm were avail-
able. The data was used to determine whether biases exist in the analysis of these nuclides,
whether they are statistically significant and the general state-of-the-art for such measure-
ments.

Americium and curium isotopes are formed both in the civil nuclear fuel cycle and from
military use of nuclear fission through successive neutron capture and radioactive decay in
uranium and plutonium. As such, americium and curium isotopes are widely distributed in
the environment, where 2! Am, *2Cm, *Cm and 2**Cm are the nuclides most often mea-
sured. In this work, two aspects of americium and curium analysis are considered:

— Bias between a-spectrometry and y-spectrometry in *! Am measurements, and
— Bias between americium and curium measurements by a-spectrometry

In determining the difference between a-spectrometry and y-spectrometry measurements
for 2! Am, the data used considered exercises where both measurement techniques were used,
where n = 243 for a-spectrometry and n = 97 for y-spectrometry. A difference of ~2,6% is ob-
servable between the two techniques. When considering the differences between americium
and curium analysis by a-spectrometry, only results where both nuclides were measured by
participants on the same sample were considered. In this case, n = 203 for both nuclides.
A difference of ~8,7% is observable between 2! Am and ***Cm.

In this presentation the data analysis will be explained, and the underlying reasons for
the differences in (i) >*' Am measurements, and (ii) americium and curium analysis will be
discussed, and means of reducing these biases examined.

RANC 2023 / May 7-12, 2023 / Budapest, Hungary 74



Oral Presentations — Actinide analytical chemistry

Figure
2420m (o) 243Cm () 2040 (o) 245¢m (o) Heavy
162,9d 28,9y 1811y 8250y
6:~19,1b Y | 6e~131b wy ! Ge~14,1b ny > 6e~347b my > Cé“f' ;Ck'
0~467b | [ ] | o~623b 6(~1,01b 0(~2 050b
143y
241Am () 06:~1410b 243Am (a) 244Am (B) 25Am (B)
432,6y n 0r~6400b n 7367y 10,1h 2,05h
6.~709b 24 ¥ > 6:~79,7b ny 6.~1000b ny
6(~3,21b 6(~0,08b 6¢~2300b
B 242y () 243py () 244py () 245py (B)
From U 373x10%y 4,956h 81,3x106y 10,5h
and Pu Yy o b g * 6c~19,5b ny 6c~88,1b ny > 6~1,71b Y >
6(~10 6¢<0,01 6(~181b 07<0,01

Formation of americium and curium

Acknowledgments

This study has been funded by the Norwegian Research Council through its Centre of Excellence (CoE)

funding scheme (Project 223268/F50)

75

RANC 2023 / May 7-12, 2023 / Budapest, Hungary



Oral Presentations — Actinide analytical chemistry

159
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Plutonium metal’s high affinity for even small amounts of oxygen can cause major mate-
rial impacts to plutonium metal. As such, careful analysis of plutonium metal materials is
important to assess the plutonium production process. The analysis of samples for oxygen in
plutonium is challenging not only because of the very air sensitive nature of plutonium and
it radioactive properties, but also the method needs to be able to reliably analyse for oxygen
that is strongly bound to plutonium. LANL has recently installed a commercially available
instrument for oxygen analysis in a glovebox within the plutonium facility and is routine-
ly performing analyses. This presentation will explore the methods currently being used at
LANL for oxygen analysis in plutonium metal materials. This will include sample handling,
instrumentation, methods and will also discuss methods for assessing total oxygen content in
plutonium oxides using current inert gas fusion instrumentation.
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The capabilities for the assay of plutonium using a Corpel titration method at Los Alamos
National Laboratory will be detailed, along with the complementary technique for measur-
ing iron in plutonium materials. The Corpel titration method is designed to determine the
plutonium content in metals, oxides, alloys, and other plutonium materials. Typical samples
are less than 300 mg Pu. The solid Pu sample is dissolved and the solution is diluted with
sulphuric and nitric acids, treated with sulfamic acid, reduced with Ti(III) over-titrated with
excess Ce(IV) and back titrated with Fe(II), and the endpoints are determined potentiometri-
cally using a plutonium electrode. Since iron is an interferent in the assay measurement, a
separate analysis is performed for this element (along with measurements for Np and U, not
detailed here) in order to perform corrections for the plutonium assay value. In this method,
aliquots of the dissolved plutonium material are treated with hydroxylamine hydrochloride
to reduce Fe(III) to Fe(II), followed by precipitation of the plutonium in the form of its oxa-
late, and subsequent isolation of Fe(II). The iron is then complexed with o-phenanthroline
and analysed by UV-Vis spectrophotometry. These techniques are being developed for new
facilities at the Lab to complement current methods in labs with aging infrastructure that have
been in use since the era immediately following the Manhattan Project.
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Lawrence Livermore National Laboratory (LLNL) and the NBL Program Office (NBL PO)
are collaborating on production of purified sub-units of the aging plutonium isotopic refer-
ence materials formerly called NBS 936, 937 and 938, which will be distributed as certified
reference materials (CRMs) CRM 136A, CRM 137A, and CRM 138A, respectively. Here
we describe production and characterization of CRM 137A, the first of the series to be com-
pleted. An original unit of CRM 137 (formerly NBS 937) was purified in a new glovebox at
LLNL via two-stage anion exchange chromatography to significantly reduce the quantities
of U, Am, and Np in the source material. The purified plutonium was dispensed in nitric
acid into individual units containing 1 mg Pu in 30 mL FEP bottles. Solution was gently
evaporated to dryness and the units were packaged for distribution. The concentrations of Pu,
U isotopes, 241 Am, and 237Np in three analytical units were measured to provide informa-
tional values via isotope dilution (ID) multicollector—inductively coupled plasma—mass spec-
trometry (MC-ICP-MS). Results indicate the anion exchange procedure completely removed
241Am and U, while the Np concentration was reduced to 11.18 £ 0.15 ppm. High-precision
measurements of the Pu isotopic composition have been made at LLNL, and units have been
shipped to four other DOE laboratories for independent isotopic characterization. The NBL
PO evaluation of isotopic data will be used to issue a certificate for CRM 137A as well as a
new certificate for the CRM 137 source material.
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Controlled Potential Coulometry (CPC) is an analytical technique used for the accurate de-
termination of the amount content of an electroactive species in a solution by measuring the
quantity of electricity required for this species to undergo a quantitative electrochemical
reaction [1, 2]. The quantity of electricity involved in the studied reaction, Q, is then related
to the mass of the element in solution, m, by applying Faraday’s law. The technique is then
defined as a primary method [3] because it provides a measurement of a quantity (mass of
the element) without relation to a standard of the same kind as it is only related to physical
standards of time (s) and current (A), both SI units (International Units System).

In the case of the measurement of plutonium (Pu) mass fraction, CPC can attain a high
accuracy with uncertainties close to, or below, 0.1% even on small quantities of matter (typi-
cally a few milligrams) [1]. In light of these good performances, CPC has been successfully
adopted for decades at the French Committee for the Establishment of Analytical Methods
(CETAMA) for the determination of the Pu amount content in certified reference materials
(CRM) [4,5].

Recently, CPC was applied to measure the Pu amount content in the CETAMA’s new MP4
pure Pu metal reference material, which is currently (2022-2023) undergoing certification.
The Pu mass fraction of the material was determined from the mean of four replicate mea-
surements on a single piece of metal dissolved in nitric acid (Figure 1). The standard uncer-
tainty of measurement was calculated by using the Monte Carlo Method and was found to be
0.037% which is below the International Atomic Energy Agency’s 2020 International Target
Values for the analysis of Pu mass fractions of pure compounds of Pu by CPC (0.14%) [6].
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Figure 1: (a) a piece of MP4 Pu metal RM in its ampoule under argon; (b) a four-replicate measurements
of the Pu mass fraction of a MP4 dissolution sample by coulometry.
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