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PLENARY LECTURES

DETECTION CAPABILITIES: SOME HISTORICAL FOOTNOTES & LESSER KNOWN CURRIE

RESEARCH
Lloyd A. Currie

National Institute of Standards and Technology, Gaithersburg, MD 20899, USA, (retired), e-mail: lloyd.currie@alum.mit.edu

Keywords: detection capabilities, historical perspective (1939, 1989), international standards, false positive dilemma, exploratory (nuclear) data

analysis, bivariate Poisson analysis

Part I: Summary of relevant topics from 1923 to present —
including Currie (1968) detection concepts & capabilities;
International detection & uncertainty standards; Failure of
classical C dating & birth of new scientific disciplines;
Exploratory nuclear data analysis of 35Kr monitors found
coincident with the collapse of the Iron Curtain (1989);
Faulty statistics proved responsible for mistaken assertions
that Currie’s L. yields excessive false positives; Erroneous
assumption that our low-level background is a Poisson Pro-
cess linked to ~8% spurious anticoincidence events.
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Part II: Exact treatment of bivariate Poisson data —
solved in the 1930s by Przyborowski & Wilenski, Universi-
ty of Krakow, for detecting extreme trace amounts of a ma-
licious contaminant (dodder) in high purity seed standards;
we adapted their treatment to detection capabilities in
ultra-low-level nuclear counting. Timing of their work had
great historical significance, marking the start of World
War II with the invasion of Poland (1939).

RADIATION CHEMICAL ASPECTS OF THE ORIGINS OF LIFE

Franco Cataldo!, Susana Iglesias-Groth?, Yaser Hafez?

"Universita della Tuscia, Viterbo, Italy
Instituto de Astrofisica de Canarias, Tenerife, Spain
3National Center for Astronomy, Riyadh, Saudi Arabia

C,, was detected for the first time in space in 2010 in the
circumstellar medium (in certain protoplanetary nebulae)
but also in the interstellar medium (for example in reflection
nebulae). Actually Cy, is the largest molecule known in the
space. C, once ejected in the interstellar medium can con-
dense together with water and other ices in dense molecular
clouds. Under the action of high energy radiation C, reacts
with the free radicals generated from the matrix where it
is embedded [1]. If C,, is trapped in water ices it is hydrox-
ylated and oxidized by the radiolysis products of water.
The oxidation of C, makes this molecule hydrophilic and
hence soluble in water, while before hydroxylation C, is
completely insoluble in water. The same phenomenon oc-
curs in water/ammonia, in water/methanol and in water/
ammonia/ methanol mixtures [1]. Thus, C,, which in the
solid state displays a considerable radiation resistance [2],
when embedded in radiolytic sensitive matrices like those
just mentioned, it reacts swiftly, it is solubilized and conse-
quently its carbon content becomes available for abiotic

processes of synthesis of other molecules of astrobiologi-
cal interest [1]. Once elemental carbon is transformed into
a soluble form, then the irradiation of interstellar ices leads
to the formation of amino acids [3—6] which could be in
enantiomeric excess if the irradiation occurred with circu-
larly polarized light [7, 8].

Our interest was focused on the radiolytic stability of
amino acids once buried in comets or asteroids. First we
have studied the radiolytic stability of all proteinogenic
amino acids [9-13]. More recently, a series of non-proteino-
genic amino acids, most of them found quite commonly in
the meteorites known as carbonaceous chondrites, were
subjected to solid state radiolysis in vacuum to a total radia-
tion dose of 3.2 MGy corresponding to 23% of the total dose
expected to be taken by organic molecules buried in aster-
oids and meteorites since the beginning of the solar system
4.6%10° years ago [14-16]. It is shown that an important
fraction of each amino acid is able to “survive” the massive
dose of radiation, while the enantiomeric excess is partially
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preserved [14—16]. Based on the results obtained, it is con-
cluded that it is not a surprise to find amino acids even in
enantiomeric excess in carbonaceous chondrites.
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NEW ADVANCES OF NUCLEAR ENERGY RADIOCHEMISTRY IN CHINA

Zhifang Chai

Institute of High Energy Physics, Chinese Academy of Sciences, Beijing 100049, China, e-mail: chaizf@ihep.ac.cn

Nuclear energy radiochemistry should address the follow-

ing 4 issues:

1. Is nuclear fuel amount enough for hundreds years con-
sumption of nuclear energy?

2. Is nuclear fuel safe and effective in reactor running?

3. How to reprocess spent nuclear fuel in an economic and
safe way?

4. How to safely dispose the high level radioactive waste
in deep geological deposit?

For all the above questions of nuclear energy chemistry, the

key is the actinide chemistry, which constitutes a true chal-

lenge due to the complexity of their 5f electron structures.
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With advancement of nuclear energy industries, nuclear
energy-related radiochemistry, particularly actinide chem-
istry, in China is at a renaissance period. In this review,
the latest achievements in this field will be selectively
described with the emphasis on the extraction chemistry of
uranium from sea water, new nuclear fuel materials with
nano-structures, and new type organic extraction systems
with soft and hard coordination abilities for wet spent
nuclear fuel reprocessing. In the meantime, dry procedure
for actinide separation based on electro-refining will be
briefly introduced. Finally, theoretical calculation for acti-
nide chemistry will be dealt with as well.

EIGHTY YEARS OF NEUTRON ACTIVATION ANALYSIS: 1936-2016

Amares Chatt

Trace Analysis Research Centre, Department of Chemistry, Dalhousie University, 6274 Coburg Road, Room 212,
PO BOX 15000, Halifax, Nova Scotia, B3H 4R2, Canada, e-mail: chatt@dal.ca

Keywords: instrumental, radiochemical, preconcentration, neutron activation

Neutron activation analysis (NAA) is being continually
developed as a sophisticated analytical technique since its
discovery by Hevesy and Levi in 1936. With the availability
of reactors giving neutron flux of about 102 to 10" cm= s,
NAA has become an extremely valuable analytical tool
especially for simultaneous multielement determinations
and for measuring concentrations of some elements down
to parts per trillion levels. Isotopic sources and accelerator-
produced neutrons can also be used. NAA can be performed

in a variety of ways depending primarily on the nature of
the background matrix in the sample and the elements of
interest as well as their concentrations. The main types of
NAA include instrumental NAA (INAA), preconcentration
NAA (PNAA), and radiochemical NAA (RNAA), and
prompt gamma NAA (PGNAA). Thermal, epithermal, fast
and fission spectrum neutrons can be employed in NAA.
It can be done using conventional one-step irradiation-
decay-counting or in cyclic mode. Sample sizes can be
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varied between microgram and kilogram quantities. High-
resolution, high-efficiency, large-volume, and well-type de-
tectors can be employed for conventional, coincidence and
anticoincidence gamma-ray spectrometry. Comparator and
k, NAA methods can be applied to provide elemental con-
centrations of high accuracy and precision with excellent
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sensitivity. The uncertainty of measurement can be kept
very low due to certain inherent properties of NAA. It can
be applied to measure not only the total concentration of
an element but also to various species of elements. Various
developments in NAA over the last 80 years will be summa-
rized.

NOVEL NUCLEAR FUELS FOR A SUSTAINABLE FUEL CYCLE, PRODUCTION AND

RECYCLABILITY

C. Ekberg!, E. de Visser-Tynovd?, T. Retegan’, M. Sarsfield?, J. Wallenius*

'Chalmers University of Technolog, SE-412 96 Goteborg, Sweden

2Nuclear Research & consultancy Group (NRG), Research and Innovation, PO Box 25, 1755 ZG Petten, the Netherlands
3National Nuclear Laboratory, Sellafield, Seascale, Cumbria, CA20 1PG, United Kingdom
“Division of Reactor Physics, KTH, AlbaNova University Centre, SE-106 91, Stockholm, Sweden

Today a considerable focus is put in sustainable energy
production. One of the options that could potentially signif-
icantly increase the sustainability of nuclear powers is the
employment of the so called Gen IV nuclear systems. These
systems comprise fast reactors, recycling of parts of the
used nuclear fuel as well as a fuel fabrication. Naturally the
use of efficient and recyclable fuel is a main prerequisite
for the Gen IV systems to work properly. However, there
are several challenges in this area relating to the manufac-
ture and recyclability of the selected fuels. Today the main
industrial choice if so called mixed oxide fuel, MOX. This
fuel made through the powder pressing route is rather well
known for traditional uranium and plutonium containing
MOX but for proper use in Gen IV systems also other ele-
ments such as neptunium and americium need to be incor-
porated. Then maybe other manufacturing techniques di-
rectly from the separated waste mat be more efficient and
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safer. There are also other types of fuels such as nitrides
and carbides that have several advantages and some prob-
lems compared to traditional MOX fuel.

In this paper issues are addressed concerning the fabrica-
tion and recyclability of these novel fuels. The manufac-
tured fuels are also investigated with respect to chemical
and physical characterisation. When a suitable route for uni-
form production on lab scale was settled, the possibilities
for recycling is addressed by investigating possible dissolu-
tion routes. Different fuels have different issues, e.g. in the
nitride case the isotopically enriched nitrogen (15N) must
be recycled and for the carbides the formation of different
organic species produced upon dissolution is addressed.

The final aim is together with the separation community
to find a convenient route to convert the separated product
solutions (U, Pu, MAs) from reprocessing and convert them
into materials suitable for fuel production.

ANALYSIS OF THE GLOBAL RADIOCARBON RECORD FOR EVIDENCE OF NEAR-EARTH

SUPERNOVAE
Richard B. Firestone

Department of Nuclear Engineering, University of California, Berkeley, CA 94720, USA; Lawrence Berkeley National Laboratory, MS-88R0192,

Berkeley, CA 94730, USA

Keywords: '“C, radiocarbon dating, supernovae, climate change

After development of radiocarbon dating by Libby et al. [1]
it became apparent that the abundance of '*C was much
higher in the past than in modern times. This led to the de-
velopment of database of radiocarbon abundance for the
past 50,000 years based on measurements of '“C in tree

rings and ocean sediments [2]. The radiocarbon record
shows that '“C abundance suddenly increased to nearly dou-
ble present levels ~45,000 years ago and has been decreas-
ing, albeit with many significant fluctuations, since then.
The cause of the higher past radiocarbon abundance was
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previously ascribed to fluctuations in Earth’s magnetic
field. This theory is falsified by a sudden rate of '“C increase
that is inconsistent with plausible rates, even if the mag-
netic field to entirely disappear, radiocarbon pool effects
which limit how fast the global abundance can change, and
the requirement that Earth’s magnetic field had disappeared
during most of the past 50,000 years.

In this talk I will show that the entire radiocarbon record
can be explained by cosmic y-rays from four supernovae
<250 pc from Earth plus a constant background of cosmic
rays from more distant SNe. The first event, 45,000 years
ago, doubled global radiocarbon while the fourth event
22,000 years ago is likely consistent with the Vela SN that
explode 250 pc from Earth. These SNe follow nearly iden-
tical cosmic ray production patterns lasting ~3500 years
consisting of a sudden spike in *C production at the time of
the explosion, followed with a hiatus of =1500 years, and
concluding with =2500 of substantial “C production due
to diffusive shock in the SN remnant as predicted by theo-
ry [3]. Each event was followed by the decay of excess
radiocarbon with the expected 5700 year half-life. The last
SN is followed by an 18,000 year decay curve with t,, =
5700£700, likely the longest half-life measurement ever
observed. Small fluctuations in the decay curve can be
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shown to correlate directly with variations in Earth’s mag-
netic field.

The SN induced fluctuations in the radiocarbon record
are also observed to correlate with increases in global tem-
peratures in the order of 3—5 °C. This result is inconsistent
with previous predictions that cosmic rays would enhance
cloud formation causing decreases in global temperatures
[4]. An additional 19 SNe, occurring over the past 300,000
years, have been identified in the °Be record [5], consistent
with the rate expected from historical SNe. For additional
information see my paper published in the Astrophysical
Journal [6].
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NUCLEAR FORENSICS: A MATURING DISCIPLINE

Stephen LaMont

Nuclear and Radiochemistry, Los Alamos National Laboratory, PO Box 1663 / MS J514, Los Alamos, NM 87545 USA, e-mail: lamont@lanl.gov

Keywords: nuclear forensics, national nuclear forensics libraries

The discipline of nuclear forensics was born out of neces-
sity in the early 1990s due to a marked increase in the num-
ber of incidents involving smuggling or illicit trafficking of
nuclear material. Despite the relatively low frequency of
these events, the potential threat posed by nuclear and ra-
dioactive materials outside of regulatory control is now
widely recognized. Nuclear forensics has been highlighted
in major policy forums including the Nuclear Security Sum-
mit and Global Initiative to Combat Nuclear Terrorism as
an important capability to investigate nuclear smuggling
incidents, as well as serving as a deterrent to poor material
security practices. Internationally accepted guidance for nu-
clear forensics best practices now exists from the Interna-
tional Atomic Energy Agency and the Nuclear Forensics
International Technical Working Group. As a result, many
countries have now incorporated nuclear forensics capabili-
ties into their nuclear security framework.

The practice of nuclear forensics has also matured sig-
nificantly since the early 1990s, and forensics examinations
are now generally used for three purposes:

* Providing the technical evidence necessary for prosecut-
ing individuals involved with illicit activity

* Determining material production history or associations
with fuel cycle operations, provenance, and connections
between cases

* Characterizing materials of known provenance to build
national nuclear forensics libraries

As countries establish nuclear forensics programs to sup-
port these three applications, they must carefully consider
the size and scope of those programs, how to leverage ex-
isting laboratory infrastructure and expertise, and when to
rely on established forensics programs in other countries
for assistance. Coordination and cooperation between law
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enforcement, forensic examiners, and the technical experts
at laboratories responsible for characterizing materials is
essential. Laboratories may also have to adopt more rigor-
ous chain-of-custody and quality assurance procedures,
and even be required to get accredited to a national or inter-
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BELIEVABLE STATEMENTS OF UNCERTAINTY

Richard M. Lindstrom

national standard to ensure nuclear forensic data is defen-
sible.

Examples of nuclear forensic applications will be pre-
sented, as will milestones in the development of nuclear fo-
rensics as a unique sub discipline of nuclear science.

Scientist Emeritus, National Institute of Standards and Technology, Gaithersburg, Maryland, USA

Nearly fifty years ago, two landmark papers appeared that
should have cured (but did not) the problem of ambiguous
uncertainty statements in published data. Eisenhart’s paper
in Science called for statistically meaningful numbers, and
Currie’s Analytical Chemistry paper revealed the wide
range in common definitions of detection limit.

A wise mentor said “Believe your data,” but it is wrong
to impose your preconceptions on them. The recent histo-
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ries of cold fusion, variable radioactive decay, and piezonu-
clear reactions provide cautionary examples. Currie has
pointed out that in any measurement campaign the number
of degrees of freedom is in fact negative: there are more
variables than we know, so scientific insight is essential.
We show examples from our laboratory and others to illus-
trate that uncertainty depends on both science and statis-
tics.

THE THING THAT BECOMES CLEAR BY A RADIATION AND THE USE
OF THE RADIOISOTOPES FOR PLANT PHYSIOLOGY
— WITH THE FINDINGS OF FUKUSHIMA NUCLEAR ACCIDENT

Tomoko M. Nakanishi

Graduate School of Agricultural and Life Sciences, The University of Tokyo, 1-1-1, Yayoi, Bunkyo-ku, Tokyo 113-8657, Japan,

e-mail: atomoko@mail.ecc.u-tokyo.ac.jp

Keywords: neutron imaging, water imaging and measurement, radioisotope, real-time radioisotope imaging system, plant physiology, Fukushima

nuclear accident, agricultural impact of contamination

Plants live on water and inorganic elements. Then, how we
can study the dynamics of water and elements in a plant?
Only the application of radiation and radioisotopes, which
allows non-destructive analysis, revealed the living plant
activity.

In the case of water, first, the neutron beam was applied
and water distribution and uptake manner was visualized.
Neutron beam enabled to image water specific image of the
living plants as well as the morphological development of
the roots imbedded in soil. Since there was a space in the
vicinity of the root surface in soil, the roots were suggested
to absorb water vapor, not water solution.

Then, water uptake manner was studied using both '8F
labeled and 'SO labeled water. In the case of O labeled
water the trace amount of water taken up by the soybean
was measured, though the half-life of °O is extremely short,
2 min. To our great surprise, the tremendous amount of

water was horizontally leaking out from the xylem and sug-
gesting the replacement of the water already existed in the
stem. Through simulation, half of the water already existed
was replaced within 20 min. This water circulating activity
was confirmed also by using *H labeled water.

Since the elements are moving as ions in water, the re-
al-time radioisotope imaging systems, macroscopic and mi-
croscopic one, for the plants were developed, using as many
radionuclides as possible. In the case of Mg and K, Mg and
42K were prepared and used as tracers for imaging.

Applying radioactive tracers and the imaging system,
behavior of '*’Cs in Fukushima after the nuclear plant acci-
dent was investigated. The fallout was hardly moved from
the place where it originally touched and adsorbed firmly on
the fine particle of the soil. Therefore plants were hardly
absorbing *’Cs from the soil. Behaviors of 1*’Cs in agricul-
tural fields, mountains, rivers, etc. were investigated.



RANC2016 + 10-15 April, 2016 * Budapest, Hungary

52

GEORGE DE HEVESY (1885-1966) —- DISCOVERER OF HAFNIUM, FOUNDER
OF RADIO ANALYTICAL CHEMISTRY AND X-RAY FLUORESCENCE ANALYSIS AND FATHER

OF NUCLEAR MEDICINE
Siegfried Niese

Wilsdruff, Germany, e-mail: siegfried@niese-mohorn.de

Keywords: George de Hevesy, radioanalytical chemistry, nuclear medicine

George de Hevesy has founded radioanalytical chemistry
and nuclear medicine, discovered the element hafnium and
first separated stable isotopes. In this paper I present his life
and work, which he has done mostly under extremely com-
plicated conditions, caused by the political situation in
Europe in the 20" century.

Hevesy was born on August 1, 1885 in Budapest as the
fifth child of a wealthy aristocratic Hungarian Jewish fam-
ily. The most important invention of Hevesy is the indica-
tor method. Some of the discovered radioactive elements
seemed to be chemically similar and inseparable. The term
“isotope” had not yet been coined. 1913 he defended his
habilitation in Budapest where after World War I in 1919
he obtained a chair for physical chemistry. After Admiral
Horthy became to power he lost his chair and in1920 he
immigrated to Denmark where his friend Niels Bohr had
invited him. In 1922 together with Coster Hevesy found the
until unknown element number 72 which they named haf-
nium.

After the discovery of hafnium he received offers from
German universities and he take from 1926 to 1934 a chair
at the University in Freiburg and became citizen of the
German state Baden. There he applied the X-ray spectros-
copy for the determination of trace elements in minerals
and rocks and developed together with his assistant und
students the X-ray fluorescence analysis. He loved Freiburg
very much, and after 1931, when his mother has been died,
he saw in Freiburg his homeland.
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Because of his Jewish ancestors in 1934 after establish-
ment of the Nazi regime he decided to immigrate again to
Copenhagen for working in the institute of Bohr. After the
discovery of the artificial radioactivity he was soon able to
use P-32 and other radioactive isotopes as indicators in life
sciences. But before he produced P-32 he studied the reac-
tions of neutrons with r. e. e. Together with Hilde Levi, he
developed the neutron activation analysis. In 1943 he must
flee to Stockholm where he continued his work with radio-
active tracers in biology, physiology and medicine. In 1944
he got the Nobel Prize for Chemistry for the year 1943 for
founding the indicator method and its application in biology
and medicine.

Going along his way through physical, inorganic, analyt-
ical, radio- and biochemistry, geology, physics, physiology
and nuclear medicine Hevesy invented such important
radio-analytical methods like indicator method, isotope di-
lution and activation analysis, which encompass the topic of
this conference. Most of its time he was working as a guest
in laboratories in different countries, he must adapt himself
at the interest of the head of the laboratory and the experi-
mental possibilities. When he must flee from a country he
must change his colleagues, his equipments, and the topic of
his work. It is extremely surprising that he could receive
important results under such circumstances even at an ad-
vanced age. We admire his important discoveries and devel-
opments and are surprised that he could receive such results
under complicated circumstances even at an advanced age.

LOW BACKGROUND GAMMA-SPECTROMETRY: LIMITS AND APPLICATIONS

Pavel P. Povinec

Department of Nuclear Physics and Biophysics, Faculty of Mathematics, Physics and Informatics, Comenius University,

84248 Bratislava, Slovakia, e-mail: povinec@fmph.uniba.sk

Keywords: HPGe gamma-spectrometry, underground laboratory, Monte Carlo simulation

New developments in low-level gamma-spectrometry have
had great impact on nuclear sciences and applications in
environmental and space sciences. Many of the applications
were not possible to carry out before either because of a lack

of suitable samples (as too large samples were required for
radionuclide analyses), or because of limited analytical sen-
sitivities of existing instruments. Large volume HPGe spec-
trometers operating underground represent the most impor-
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tant recent achievements in the radiometric sector mainly
because of better sensitivity, which helped to decrease a
sample size at least by about a factor of ten, and improve the
detection limits down to nBq/g, by about three orders of
magnitude. Specific attention has been given to Monte Carlo
simulations of background characteristics of HPGe detec-
tors, which if carried out in advance of the construction of
a low-level spectrometry system, they could predict its char-
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acteristics and parameters. Together with developments of
mass spectrometry systems such as ICPMS (Inductively
Coupled Plasma Mass Spectrometry) and AMS (Accelera-
tor Mass Spectrometry), which have been dominating in
analyses of long-lived radionuclides, we have at disposal
analytical technologies, which have opened new applica-
tions in natural and life sciences.

NEW DEVELOPMENTS IN ACCELERATOR PRODUCTION OF RADIONUCLIDES

FOR MEDICAL APPLICATIONS
Syed M. Qaim

Institut fiir Neurowissenschaften und Medizin, INM-5: Nuklearchemie, Forschungszentrum Jiilich GmbH, D-52425 Jiilich, Germany,

e-mail: s.m.qaim@fz-juelich.de

Keywords: accelerator/cyclotron, nuclear reaction, high-current targetry, chemical separation, radionuclide, medical application

The “tracer principle” developed by Georg v. Hevesy has
revolutionised medicine and today radionuclides and radi-
opharmaceuticals are extensively used in diagnostic organ
imaging at the molecular level via emission tomography,
i.e. SPECT and PET, as well as in internal radiotherapy.
The demands on their quality, especially the purity and spe-
cific activity, are constantly increasing. Continuous research
and development work is therefore underway to improve
the presently used radionuclides as well as to develop novel
radionuclides for new applications. Both research reactors
and accelerators are extensively used. This presentation
describes some recent developments in the accelerator/
cyclotron production of radionuclides. In recent years the
main thrust has been towards novel non-standard positron
emitters and therapeutic radionuclides. To the first group
belong radionuclides like *Mn, **Co, %Cu, "Br, 3°Y, *"Tc,
1241 etc. and to the second radionuclides like ¢’Cu, '*Pd,
H7mSp, 193mpt 225Ac, etc. which emit low-range highly-ionis-
ing radiation. A brief review of some of the production
routes is given and the major applications of the recently
developed novel radionuclides are outlined. The develop-
ment work involved nuclear data measurement, high-cur-

rent targetry, radiochemical separation and quality assur-
ance of the product. Nuclear reaction cross sections were
generally measured using y-ray spectrometry, but in a few
cases X-ray spectrometry was also applied. The targetry
related to charged-particle irradiations has reached a high
level of sophistication, since often highly-enriched, rather
expensive, stable isotopes are used as target materials, ne-
cessitating their recovery. The chemical isolation of the
desired radionuclide from the matrix activity made use of
both dry and wet chemical procedures and the quality con-
trol measures extended to radionuclidic, radiochemical and
chemical purity. The final product consisting of GBq amount
of the radionuclide must be concentrated in a very small
volume of the solution (<1 mL) and should be free of all
metallic impurities (radioactive and inactive) to allow its
efficient conversion to the desired metal-complex for applica-
tion. The prospects of further improvement of the developed
processes will be discussed. In general, the use of radionu-
clides of metals in medicine is increasing. Some emerging
and potential applications of the novel radionuclides, e.g.
theragnostic approach, combination of PET and MRI, use
of radionanoparticles in therapy, etc. will be outlined.
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AN OVERVIEW OF OUR WORK IN NUCLEAR CHEMISTRY

A. V. R. Reddy

Formerly Analytical Chemistry Division, Bhabha Atomic Research Centre, Trombay, Mumbai — 400085, India;
Present address: Professor in Chemistry, V.S. University, Nellore 524001, AP, India,

e-mails: avreddy52@yahoo.com, avramanareddy 1 @gmail.com

Keywords: nuclear chemistry, nuclear fission, NAA, radiotracer

Research in Nuclear and Radiochemistry (NRC) in India
got impetus with availability of neutrons from APSARA re-
search reactor and during the last six decades, its horizon
expanded to various areas towards understanding reaction
mechanism and applications of radioisotopes and radia-
tions. One of the major areas has been neutron induced fis-
sion of actinides in which mass, charge and kinetic energy
distributions were experimentally determined to unravel the
mechanism of nuclear fission. These studies were extended
to medium to higher energy using charged particles and the
focus was on mass, charge and mass resolved angular distri-
bution studies. These studies resulted in quality data that
were useful to understand the structural effects and role of
excitation energy. Besides, significant contributions were
made to understand the influence of entrance channel on
the reaction mechanism from the recoil range distribution
measurements and online measurements that helped to
apportion CF and ICF contributions. Radiochemical separa-
tions were employed to study some rare isotopes. Another
area is application of Neutron activation analysis (NAA)
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to analyze samples belonging to various areas of research
with emphasis on geological and environmental samples.
Whereas radiotracers are being continuously used in chem-
ical studies including trace element speciation. Bhabha
Atomic Research Centre (BARC) has become host to re-
searchers from a large number of Indian Universities to car-
ry out their work and the proceeding of NUCAR symposia,
NAC and ARCEBS reflect the work that is being carried
out. During mid-eighties of last century, a paradigm shift in
overreliance of instrumental methods has taken place and a
few nuclear probe based techniques in NRC have come into
force. They are positron annihilation spectroscopy, per-
turbed angular correlation studies, PGNAA and Single com-
parator NAA (k,-NAA) to name a few besides extending
radiotracers to some interesting studies like elucidating
mechanism and trace element speciation.

In this talk, a few of the above mentioned topics will
be described with some of our contributions. An overview
of the present scenario and future prospects will be pre-
sented.

NUCLEAR AND RADIOANALYTICAL TECHNIQUES IN METALLOBIOCHEMISTRY

RESEARCH: STUDIES OVER 50 YEARS

Enrico Sabbioni

CeSI, Aging Research Center, “G. d’Annunzio” University Foundation, 66100 Chieti, Italy; LASA, University of Milan and INFN-Milan,

20090 Segrate, Milan, Italy, e-mail: enrico.sabbioni@alice.it

Keywords: trace elements, risk assessment, neutron activation analysis, radiotracers, nanoparticles

Human health is inseparably linked to the presence in the
body of trace and ultratrace elements (T&U), many of which
follow the Paracelsus principle in a narrow concentration
range, i.e. the essentiality or toxicity of an element is deter-
mined by its concentration. Exposure of humans to T&U
raises serious concerns in terms of environmental, occupa-
tional and consumer safety. In this context, the use of an
integrated strategy (parallelogram approach) based on data
derived from human studies, animal experimentation and

in vitro cellular and non-cellular assays forms the basis for
an appropriate health risk assessment associated with the
exposure to T&U.

The aim of this work is to provide a brief historical over-
view of 50 years development and applications of nuclear
and radioanalytical techniques (N&R) in human health-
related metallobiochemistry research. In analyzing the ap-
plications reported with time different periods can be distin-
guished, from the pioneer period to that of the growing
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competition of advanced spectrochemical (GFAAS, ICPMS)
techniques, till the present day where N&R are finding a
prominent place in nanotoxicology, an emerging discipline
for a safety assessment of nanomaterials. In this context,
selected applications of particular relevance for the two
components of the risk assessment paradigm (exposure
assessment and hazard identification) are discussed:

— NAA of human tissues. The multielement character
and the high sensitivity for many elements of instrumental
and radiochemical separation NAA contributed to the ex-
plosion of data concerning the total concentration of essen-
tial and “exotic” (without a known biological role) elements
in tissues and body fluids of general population, occupation-
al workers and pathological subjects. In addition, NAA, in
combination with bioanalytical techniques (gel filtration,
differential centrifugation, ion exchange chromatography,
ultrafiltration) as well as cellular and molecular biology
tools, was applied to speciation studies, resolving the total
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concentration of T&U into different chemical species, a fun-
damental basis for the mechanistic interpretation of metal
toxicity.

— Radiolabelling of T&U. Radioisotopes with high spe-
cific radioactivity, produced at the nuclear reactor and at the
cyclotron, have proven to be a potent analytical tool for
in vivo delineation of metabolic patterns of environmental
doses of T&U in laboratory animals (toxicokinetics, uptake,
intracellular distribution, binding with intracellular com-
ponents); and for in vitro metallomics experiments by cell
cultures of animal and human origin (i.e. determination of
T&U in whole cells, their distribution over different cell
compartments and association with specific class of bio-
molecules).

— NAA and radiolabelling of metal-based nanoparticles.
Nanotoxicology, a new frontier of toxicology, represents a
great challenge for the further development and future appli-
cations of N&R in metallobiochemistry research.

HOW FAR CAN WE GET? LATEST PROGRESS IN ACCELERATOR MASS SPECTROMETRY

H.-A. Synal

Laboratory of Ion Beam Physics, ETH Zurich, Otto-Stern-Weg 5, 8093 Zurich, Switzerland, e-mail: synal@phys.ethz.ch

Keywords: AMS, radiocarbon, instrumental developments

The technical evolution of Accelerator Mass Spectrometry
(AMS) over the last ten years is summarized. A key charac-
teristic of AMS is destruction of molecular interferences
and subsequent analyses of atomic ions. It makes the ex-
treme abundance sensitivity possible (in specific cases, be-
low isotopic ratios of 10'%). Today, 1+ charge state is used,
molecular interferences are destroyed in multiple collisions
with stripper gas atoms or molecules, and a high yield of
atomic ions is reached at energies of a few hundred keV.
Thus, AMS instruments develop towards lab size or table-
top devices. The use of He as stripper gas has further
improved performance with respect to overall detection
efficiency and reproducibility of measurement conditions.
In parallel, implementation of permanent magnets into ded-
icated radiocarbon AMS system is progressed. This reduces

complexity of the instruments and significantly reduces op-
eration and installation costs. In addition, hybrid ion sources
have been developed which can analyser either solid graphite
samples or CO, gas. Using CO, directly enables a reduction
of sample sizes down to 5-50 microgram of carbon. The
related advancements in measurement technology have a
strong impact on applications. But, low energy AMS is not
limited to Radiocarbon only and there is a great potential
for '°Be, 2°Al, '*I and actinides measurements at compact
AMS systems. These developments have launched the wide
spread use of AMS in various research fields and has re-
sulted in a boom of new AMS facilities. I will present some
specific examples to demonstrate opportunities related to
these improvements.
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PROGRESS IN SUPERHEAVY ELEMENT RESEARCH

Andreas Tiirler

Laboratory of Radiochemistry, Paul Scherrer Institut, CH-5232 Villigen PSI, Switzerland; Laboratory of Radiochemistry and Environmental
Chemistry, University of Bern, CH-3012 Bern, Switzerland; Albert Einstein Center for Fundamental Physics, University of Bern, CH-3012 Bern,

Switzerland, e-mail: andreas.tuerler@psi.ch

Keywords: superheavy elements, transactinides, nuclear structure, chemical properties

Investigations of superheavy elements are an exciting field
of basic research in radiochemistry [1]. The success of ¥*Ca
induced heavy ion fusion reactions on actinide targets has
led to the synthesis of all elements up to atomic number 118
and the discovery of more than sixty new nuclides in the
heavy element region over the past two decades [2]. Thus,
the 8" row of the Periodic Table has been completely filled.
While first experiments focused only on the synthesis of
new transactinide elements, recently, detailed nuclear struc-
ture investigations were shown to be possible with the new-
est generation of detection set-ups. Most noteworthy are
experiments where decay spectroscopy in element 115 decay
chains was successfully performed [3, 4]. Also, independent
confirmation experiments that largely confirmed earlier
findings, but revealed also new features, were of major im-
portance to the field, such as the independent synthesis of
elements 114 through 117 and their progeny [5—7], while the
attempted synthesis of elements 119 and 120 has failed so far.

Experiments elucidating the chemical properties of heavy
actinide and transactinide elements have made significant
progress. Recently, the first ionization potential of lawren-
cium (Z = 103) was experimentally determined in excellent
agreement with advanced theoretical calculations [8], sea-
borgium (Z = 106) was shown to form volatile hexacarbonyl
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complexes similar to its lighter homologs W and Mo [9],
and, copernicium (Z = 112) and flerovium (Z = 114) showed
an interesting, not yet conclusive behaviour that needs fur-
ther clarification [10-12].

In summary, the progress made in recent years in super-
heavy element research is impressive and many new chal-
lenges lie ahead.
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X-RAY SPECTROMETRY FOR ENVIRONMENT AND CULTURAL HERITAGE

René Van Grieken

Department of Chemistry, University of Antwerp, B-2610 Antwerp, Belgium

X-ray spectrometry (XRS) in its various forms has nowa-
days many applications in many fields of research, includ-
ing environmental research (e.g. concerning sediments and
air pollution and global climate change). Recently, XRS has
been used often in studies of the effect of air pollution on
human health. Some illustrations will be given.

Nowadays, XRS is also very popular in conservation
and cultural heritage (CH) research, e.g. due to the advent
of portable instruments to be used in museums. Indeed,
XRS, in its many forms, is one of the most relevant analysis
techniques, concerning the methodology used by the artists,

provenancing and the discovering of forgeries, and in the
preparation for restorations, mostly because of its non-
destructive nature. But also in “preventive conservation”
(= studying the environment around a work of art with
the intention to improve it and hence to extend the lifetime
of a work of art), XRS is predominant, especially since in
the last decades, much interest had shifted to the indoor
environment and to particulate atmospheric material. XRS
has indeed since long been the method of choice for the
characterization of the inorganic composition of atmos-
pheric aerosols.
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Over the last two decades, we have intensively used var-
ious forms of XRS, namely energy-dispersive X-ray fluo-
rescence e.g. with polarized high-energy beam excitation,
and automated electron probe X-ray microanalysis, but
always together with ion chromatography, micro Raman
analysis, on-line soot determinations, etc., to identify parti-
cle types and their sources in indoor museum environ-
ments, while also gaseous indoor pollutants were assessed.
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NEW TRENDS IN RADIOPHARMACEUTICALS

Hans-Jiirgen Wester

We have studied atmospheric aerosols in and around some
40 museums in Europe, USA, Japan and South America,
always with the intent to propose remedies to reduce the
abundance of harmful particles. Some examples will be dis-
cussed, both some simple and successful ones and some
very recent ones, namely concerning the Correr Museum in
Venice, Italy, the Altamira Caves in NW Spain and the Alham-
bra complex in Granada, Spain.

Chair of Pharmaceutical Radiochemistry, Technische Universitdt Miinchen, Germany, e-mail: h.j.wester@tum.de

Keywords: radiopharmaceuticals, PET, targeted radiotherapy, GMP, quality control

Clinical Molecular imaging is an emerging technology that
allows to determine the extent and the kinetics of a disease.
In particular, positron emission tomography (PET) offers
picomolar sensitivity and is a fully translational technique.
On the other hand, targeted radiotherapy by means of radio-
labeled peptides or small molecules has become a very pow-
erful methodology for selective treatment of cancer tissue.
Consequently, modern Pharmaceutical Radiochemistry has
become a very active field of research that covers a broad
range of interdisciplinary and translational oriented activi-
ties, such as the development of new labeling strategies by
new chelators, kit-like technologies, rapid introduction of
radiohalogens, design of innovative and highly selected

probes, in vitro evaluation and in vivo characterization in
suitable animal models, the development of reliable auto-
mated production strategies, the implementation of such
strategies into the clinical environment under good manu-
facturing practice (GMP), incl. rapid analytical techniques
for quality control of short lived isotopes and finally the
translation into first proof-of-concept studies in humans
and clinical study support. The presentation will give a
brief overview on exemplary and selected state-of-the-art
developments in the field, spanning from important inno-
vations in chelator and labeling chemistry, new and power-
ful radiopharmaceuticals and corresponding applications
in diagnosis and treatment of cancer.
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CERTIFICATION OF URANIUM REFERENCE MATERIALS FOR TRACE-ABUNDANCE

U ISOTOPES
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Two certified reference materials (CRM) for U isotope-
amount ratios have been re-certified to include isotope-
amount ratios for 22U and 2*3U, which occur at trace levels
in the materials. 2*?U and 233U are produced during neutron
irradiation of 2*?Th-bearing materials and are often present
at trace levels (ppm or lower) in U that includes a repro-
cessed component. These isotopes are of particular interest
for nuclear forensics due to the potentially characteristic in-
formation that can be derived. The presence and relative
abundances of 22U and 33U can be highly representative
material signatures; the relative proportion of the trace U
isotopes may provide an indication of the irradiation condi-
tions for reprocessed U material; and both isotopes are po-
tentially useful as radiochronometers.

As part of an ongoing effort to enhance nuclear forensic
measurement capabilities the US Department of Homeland
Security, Domestic Nuclear Detection Office has funded
the certification of additional attributes for New Brunswick
Laboratory CRMs U045 and U630. CRM U045 is 4.5%
25U-enriched material provided as an ampoulated nitric
acid solution and U630 is a 63% 2**U-enriched U,04 pow-
der. These CRMs were previously certified for the relative
proportions of 23U, 23U, 23U, and 23*U. For this project,
traceable measurements of n(>**U)/n(***U) ratio for U045
and the n(***U)/n(**U) ratio for U630 were made by thermal

ionization mass spectrometry (TIMS) using two different
secondary electron multiplier — Faraday cup analytical rou-
tines. The n(*2U)/n(**®U) ratio for U045 and the n(**?U)/
n(*¥U) ratio for U630 were determined by measuring the
n(*2U)/n(***U) ratio by alpha spectrometry and converting
the ratios using previously certified n(**U)/n(***U) and
n(#*U)/n(**U) ratio values, respectively.

The newly determined isotope-amount ratios and ex-
panded uncertainties (k = 2) for U045 are n(>?U)/n(**U) =
8.6x10712 £ 1.3x1072 and n(*3U)/n(***U) = 2.438x107 +
0.032x1077. The ratios and expanded uncertainties (k =~ 2)
for U630 are n(*?U)/n(**3U) = 7.31x1071° £ 0.15%107'% and
n(*30)/n(*3U) = 2.372x10°6 £ 0.078x1076. To evaluate ho-
mogeneity and measurement repeatability, multiple charac-
terization samples of each material were processed for
analysis and at least duplicate measurements were made of
each sample. The data were compared to verification analy-
ses performed by a second lab and/or to additional data sets
that are independent of certification analyses. The CRM
units did not show any discernible sample-to-sample varia-
bility and are highly consistent with independent data sets.
The newly determined attribute values will be included in
revised certificates of analysis along with measurement un-
certainties that are compliant with international standards
(i.e. GUM).
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DETERMINATION OF GALLIUM IN PLUTONIUM BY ISOTOPE DILUTION MASS

SPECTROMETRY

Joshua King, Tony Huggins, Phil Kaye
AWE, Aldermaston, RG7 4PR, United Kingdom

Keywords: plutonium, gallium, analysis, IDMS

The Actinides Analysis Group at AWE specialises in the
chemical analysis of bulk actinide materials and analyses a
wide array of actinide materials in support of various AWE
programmes. A range of processes are carried out from high
precision assay of major actinide elements through to the
determination of trace amounts of a range of elements across
the periodic table.

The current method for determination of gallium in pluto-
nium samples at AWE involves dissolution of 1g of plutonium,
pH adjustment, anion exchange separation to remove the
plutonium followed by WDXRF measurement of the gallium.

The preparation and separation stage is time consuming,
labour intensive, generates significant aqueous radioactive
waste and contributes to increased doses to the analytical
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staff both in the sample analysis and processing of waste
produced.

To remove this separation stage we show that the high
sensitivity and low detection limits achievable by High
Resolution ICP-MS can be utilised to measure the gallium
content directly. The Isotope Dilution Mass Spectrometry
(IDMS) technique is used, as it provides high precision and
is less prone to errors from short or long term changes or
drifts in instrument sensitivity. Work has been carried out
to prove that IDMS analysis of gallium in plutonium mate-
rials, by a method involving dissolution, spiking with Ga-71
and dilution only, provides quantitative recoveries from a
range of gallium concentrations, with a precision that satis-
fies customer requirements.

ACTINIDE ANALYTICAL CHEMISTRY ASSOCIATED WITH NUCLEAR FORENSICS
CHARACTERIZATION OF BULK SPECIAL NUCLEAR MATERIALS:
AN OPERATIONAL AND RESEARCH & DEVELOPMENT PERSPECTIVE

Lav Tandon™, Jung Rim, Jamie Doyle, Kevin Kuhn, Ann Schake

Chemistry Division, Los Alamos National Laboratory, Los Alamos, NM 87544, USA, *e-mail: tandon@lanl.gov

Keywords: actinide analytical chemistry, nuclear forensics, chronometry, ISO GUM uncertainty

Nuclear forensics is the analysis of intercepted illicit nu-
clear material and any associated material to provide evi-
dence for determining the history of the confiscated mate-
rial. Specific chemical and physical characteristics of the
interdicted special nuclear material can be unique “finger-
prints” or signatures for identifying manufacturing pro-
cesses, intended use, point of origin, and route attribution.
Total actinide content, actinide isotopic abundances, and
metal and non-trace element concentrations are an integral
part of a forensic investigation. Los Alamos National Labo-
ratory (LANL) has been at the forefront of nuclear forensics
research and is a support laboratory for the multi-agency
Bulk SNM Analysis Program (BSAP). The pre-detonation
actinide analytical chemistry team at LANL has recently
participated in multiple nuclear material exchanges empha-
sizing inter-laboratory comparisons of analysis methods and
measurement to maintain ISO 17025 accreditation for

“operational” purposes. Results from some of those studies
will be presented along with the associated bulk special
nuclear material characterization capabilities. There is also
a sustained effort to improve analytical chemistry methods
through research and development in the areas of minor
actinide analysis, separation science, and radiochronome-
try for plutonium, uranium and neptunium samples. Keys
to routine method performance and method improvement
acceptance are the application of defensible quality assur-
ance protocols and demonstrating long term “statistical con-
trol” of quality control data. Examples of special nuclear
material characterization with a statement of uncertainty
derived using ISO/IEC Guide 98-3:2008 — Uncertainty of
Measurement — Part 3: Guide to the Expression of Uncer-
tainty in Measurement (GUM: 1995) will be discussed. This
document has been reviewed and assigned publication
number: LA-UR-15-26937.
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THE NATURE OF THE VOLATILE TECHNETIUM SPECIES FORMED DURING VITRIFICATION

OF BOROSILICATE GLASS

Bradley C. Childs', Frederic Poineau’, Ken R. Czerwinski!, Alfred P. Sattelberger?
'Department of Chemistry, University of Nevada Las Vegas, Las Vegas, NV 89154, USA, e-mails: childsb2@unlv.nevada.edu,
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The vitrification of sodium pertechenate into borosilicate
glass was performed under air at 1100 °C. A glass with a
composition similar to the one developed for vitrification of
the low activity waste at the Hanford site was used. During
the process, a red volatile species was observed above
600 °C. The nature of the red species was studied by XAFS
spectroscopy. The EXAFS results indicate the environ-
ment of the absorbing atom to be constituted by 2.9(6) O
atoms at 1.73(2) A, 2.2(4) O atoms at 2.02(2) A, and 0.8(2) O
atoms at 2.18(2) A. The results are consistent with the pres-
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ence of a mononuclear species with a structure closely re-
lated to the one of TcO,(OH)(H,0),.

The volatile red technetium compound was also formed
from the reaction of technetium dioxide with oxygen at
250 °C. Initial results indicate a linear correlation between
the production of the volatile species with time of reactions.
The mechanism of formation of TcO,(OH)(H,0), and the
role of water on the nature of the volatile technetium species
during vitrification will be discussed.

CHALLENGES IN DEVELOPING RADIOCHEMICAL METHODOLOGY FOR SAVANNAH RIVER

SITE WASTE TANK CLOSURE CAMPAIGNS
D. P. DiPrete

Savannah River National Laboratory, Savannah River Nuclear Solutions, Aiken, SC 29808, USA

Waste cleanup efforts currently underway at the Savannah
River Site, as well as other DOE nuclear sites, have created
an ongoing need to characterize the inventories of the vari-
ous waste tank heels prior to tank closure. The heels of each
tank slated for closure often have unique chemical constitu-
ents as well as unique radiological distributions compared
to previous tank heels characterized. Continuous program-
matic evaluations of allowable closed tank radiological in-
ventories result in steadily decreasing detection limit targets
for isotopes that are required to be characterized. Numerous
target isotopes are often required to be characterized to
levels as much as 10 orders of magnitude lower radioactive
concentrations than interfering isotopes. New isotopes con-
tinue to appear on the evolving characterization lists. Meth-
od development to generate protocols to characterize said
isotopes must be worked in parallel to the larger characteri-
zation effort to ensure tank closure schedules can be met.

Tank Closure Program have required characterization of
54 radioisotopes on 36 high activity waste samples over a
several month time frame. Dose rates of samples were at
levels requiring initial manipulations to be carried out in re-
mote manipulated Shielded Cells facility prior to hands-on
radiohood operations. Radioanalytical methodology for nu-
merous isotopes had to be developed from the ground up.
Methodology used for a number of previously analyzed ra-
dioisotopes often have to be modified to reach lower detec-
tion limit targets in tank heels consisting of unusual sample
matrices compared to previously analyzed SRS tank bottom
samples. An overview of methodology and available re-
sources used to rapidly develop protocols capable of meet-
ing these Tank Closure radiological characterization re-
quirements will be discussed as well as some specifics
arising from recent program efforts.
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SOME INTERESTING APPLICATIONS OF ACCELERATOR MASS SPECTROMETRY

TO “C, "Be AND 2
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The radionuclides carbon-14, beryllium-10 and iodine-129
are important as tracers of environmental processes, as op-
posed to the classical idea of dating have been developed in
recent decades. These applications would not be possible
without the sensitivity of accelerator mass spectrometry.
We will review some applications and give some exam-
ples from our own research, as well as some new develop-
ments.

We highlight some interesting events recorded in the
4C record in tree-rings, which are increasingly used not
just for dating and reconstruction of the calibrated curve,
but also as archives of past cosmic-ray events or “space
weather” events, such as the well-documented rapid excur-
sions at 774-775AD, to which similar phenomena have
now been added. We also discuss ''Be evidence for similar
events and geomagnetic excursions. Third, we also summa-
rize a number of applications using '*I. These studies focus
on both ocean studies, since '* is a conservative tracer orig-
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inating from anthropogenic sources such as reprocessing
plants. Recently, there has been great interest in radionu-
clides related to the Fukushima nuclear accident, but also
to the development of I as a possible tracer of modern
groundwater recharge. The Fukushima study includes mon-
itoring of ' in Pacific Ocean water samples collected on
a regular basis at the Scripps Institution of Oceanography
in La Jolla, CA, other coastal locations in California and
also sample collection in Kaoshiung, Taiwan. This monitor-
ing has been undertaken since shortly after the Fukushima
event in 2011. A newer study is concentrated on water in
semi-arid environments. We have begun a small pilot pro-
ject to demonstrate the possible usefulness of '*°I as an
age-tracer of recent recharge to shallow aquifers in the Tuc-
son Basin. lodine-129 concentrations have been measured
in precipitation, surface water, and groundwater samples.
Results from some of these interesting applications of these
nuclides will be presented.

DETERMINATION OF LONG-LIVED COSMOGENIC RADIONUCLIDES BY ACCELERATOR

MASS SPECTROMETRY

Silke Merchel’*, Nasrin B. Khojasteh Mohammadi’, Stefan Pavetich' ?, Georg Rugel!, Andreas Scharf’,
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"Helmholtz-Zentrum Dresden-Rossendorf, Dresden, Germany, www.dresden-ams.de, *e-mail: s.merchel@hzdr.de
2Present address: Department of Nuclear Physics, Australian National University, Canberra, ACT 2601, Australia
SANSTO, ANU, ASTER, AWI, U Bern, ETH, MPI Mainz, TANDAR, TU Munich, U Poznan, Senckenberg, VERA, VKTA. All over the world.

Keywords: accelerator mass spectrometry AMS, cosmogenic nuclides

Applications: Long-lived radionuclides with half-lives of
0.1-16 Ma have nowadays thousands of exciting applica-
tions, especially within environmental and geosciences.
In nature, the so-called cosmogenic nuclides (CNs) are
products of nuclear reactions induced by primary and sec-
ondary cosmic rays. Hence, they can be found in extrater-

restrial material such as meteorites — originating from
the asteroid belt, the Moon or Mars — and lunar samples
in higher concentrations (e.g. ~10'° ’Be atoms/g or <0.5
mBg/g). A combination of several CNs is used to recon-
struct the exposure history of this unique material while in
space (irradiation age) and on Earth (terrestrial age).
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Though, in terrestrial material the concentrations are
typically only on the order of 10*-10° atoms/g (i.e. uBg/g—
nBg/g) for '“Be produced in the Earth’s atmosphere, then
transported to the surface and further absorbed and incor-
porated at and in, e.g. sediments or ice. Some of the lowest
'Be concentrations (~10° atoms/g), produced in-situ by
neutron- and muon-induced nuclear reactions from e.g. O
and Si in quartz, can be found in samples taken from the
Earth’s surface. The concentrations of atmospheric or in-situ
produced CNs record information that is used to reconstruct
sudden geomorphological events such as volcanic eruptions,
rock avalanches, tsunamis, meteor impacts, earthquakes and
glacier movements. Additionally, glacier movements and
data from ice cores give hints for the reconstruction of his-
toric climate changes and provide information for the vali-
dation of climate model predicting future changes. Slower
processes such as sedimentation, river incision and erosion
rates can also be investigated and last but not least, indirect
dating of bones as old as several Ma’s is possible.
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Anthropogenic production by release from nuclear re-
processing, accidents and weapon tests led to increased lev-
els of CNs in surface water and soil ('*L,...), ice (**Cl,...)
and material from nuclear installations themselves (*!Ca,...).
Some of the CNs can, thus, be used as tracers to follow
pathways in oceanography, to date and identify sources of
groundwater, to perform retrospective dosimetry and to
study aspects in radioecology and pharmacology.

Method: The analytical method of choice for CN deter-
mination is accelerator mass spectrometry (AMS). After
simple radiochemical separation, AMS reduces background
and interfering signals resulting from molecular ions and
isobars enormously. Thus, AMS provides much lower de-
tection limits compared to conventional MS or decay count-
ing. The DREAMS (DREsden AMS) system at HZDR of-
fers excellent measurement capabilities (Akhmadaliev et
al., NIMB 294 (2013) 5) also for external users (see www.
hzdr.de/ibc).

ENVIRONMICADAS: A C-14 AMS FOR NUCLEAR ENVIRONMENTAL PROTECTION

IN HUNGARY

Mihaly Molnar*, Robert Janovics, Anita Molnar, LaszIo Rinyu, Mihaly Veres, A. J. Timothy Jull

Hertelendi Laboratory of Environmental Studies, MTA Atomki- Isotoptech Zrt, Debrecen, Hungary, *e-mail: mmol@atomki.hu

Keywords: radiocarbon, nuclear, AMS

Among the radionuclides potentially emitted into the envi-
ronment by nuclear power plants and nuclear waste disposal
facilities, usually radiocarbon is the most significant regard-
ing the collective effective dose contribution. Therefore, the
determination of radiocarbon from various environmental
media is of high importance during the environmental mon-
itoring of nuclear facilities.

In 2011, a compact accelerator mass spectrometer
(MICADAS-AMS) was installed in the HEKAL Laboratory
within the framework of a cooperation between Isotoptech
Co. Ltd., MTA Atomki and the Swiss Federal Institute of
Technology (Ziirich). Compared to the radiometric tech-
niques, AMS requires orders of magnitude lower amount
of samples to perform a radiocarbon measurement of appro-
priate accuracy. Our aim was to adapt and develop sample
treatment methods making possible the preparation of
various sample types for AMS radiocarbon measurements.
One of our main objective was to determine the radiocar-
bon contribution of the Hungarian nuclear facilities, as re-
flected by the surrounding environmental elements not in-
vestigated so far, among others by the investigation of the
organic components of groundwater and the incorporation
of the emitted atmospheric radiocarbon into plants.

We have investigated the effect of the Paks Nuclear
Power Plant on the *C concentration of a nearby tree The
specific radiocarbon concentration of the annual rings of
the tree in the vicinity (400 m) of the Paks Nuclear Power
Plant was slightly, but systematically higher than that of a
background (20 km away) tree in Dunafoldvar. As an ana-
logue we studied the effect of the Piispokszilagy radioactive
waste treatment and disposal facility on the '“C concentra-
tion of a nearby tree. The specific radiocarbon concentra-
tion of the annual rings of the trees in the vicinity of the
vaults of the Piispokszilagy radioactive waste treatment
and disposal facility is significantly influenced by the gas-
eous radiocarbon emitted from the site. We have conduct-
ed an investigation of radiocarbon contamination in the
groundwater of nuclear facilities. By the separate measure-
ment of the inorganic and organically bound radiocarbon
content of the groundwater of the Paks Nuclear Power
Plant that the radiocarbon contamination getting into the
groundwater of the power plant is emitted mostly in inor-
ganic form and the organic fraction does not have signifi-
cant radiocarbon contribution and has an activity close to
the natural background.
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ICP-MS/MS AND SF-ICP-MS FOR THE DETERMINATION OF RADIOCESIUM ISOTOPES IN

ENVIRONMENTAL SAMPLES

Jian Zheng'*, Keiko Tagami!, Wenting Bu?, Shigeo Uchdai
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Radiocesium isotopes are high yield fission products up
to 6.535% and 6.236% for Cs-135 (half-life 2x10° y) and
Cs-137 (half-life 30.2 y), respectively, from thermal neu-
tron fission of U-235. They can be released into the envi-
ronment in nuclear events like the detonation of a nuclear
weapon or nuclear reactor accident. In the fission chains
for Cs-135 and Cs-137, a shielding of Cs-135 occurs, which
causes a high degree of variance of Cs-135/Cs-137 isotope
ratio with source. Thus, the ratio of Cs-135/Cs-137 will be
characteristic of the reactor operation and shutdown condi-
tions. In addition, the isotope ratio of Cs-135/Cs-137 is very
important in many aspects in radioecological studies, in-
cluding source identification of radioactive contamination,
dispersion modeling of fission products in the environ-
ment after a nuclear accident, long-term estimation of envi-
ronmental behavior of Cs, and development of accurate
sediment geochronology.

The determination of Cs-135 by radiometric methods is
very difficult and quite insensitive because of its long half-
life and low-energy B-decay. Neutron activation analysis
and thermal ionization mass spectrometer have been inves-
tigated for Cs-135 activity and Cs-135/Cs-137 isotope ratio
analysis in environmental samples, but these techniques are
expensive and not widely available. Recently, the analytical
potential of ICP-MS have been studied, but the analysis
of environmental samples remains to be a great challenge.

Neutron activation analysis
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FOUR DECADES OF k0-NAA: AN APPRAISAL
Frans De Corte

The main difficulties for environmental samples analysis
using ICP-MS techniques are: (1) polyatomic interferences,
such as >Mo*Ar*, Sn'°O* for Cs-135, and " Mo*°Ar*, and
121Sh1°O* for Cs-137; (2) isobaric interferences, for exam-
ple, Ba-135 (abundance 6.592%) and Ba-137 (abundance
11.232%); and (3) interferences from the stable Cs-133, for
low level environmental samples containing global fallout
Cs-135, an abundance sensitivity of 10e-9 is required. To
overcome these analytical difficulties, we investigated the
analytical potential of three ICP-MS, namely, SF-ICP-MS
(Element 2), reaction cell ICP-MS (Agilent 7500c) and a
triple quadrupole ICP-MS (ICP-MS/MS) (Agilent 8800)
for the determination of cesium isotopes. The advantages
and disadvantages of these different ICP-MS were ex-
plored and compared. And the applications of developed
ICP-MS method for radiocesium isotopes determination in
Fukushima environmental samples for release source iden-
tification will be discussed.
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Four decades ago, the NAA k;-method was introduced to
get rid of the doubtful quality of the nuclear data used in the

absolute standardization, and this led to the introduction of

experimental composite nuclear data (k,’s) which are since
then the kernel of the development of the k,-method. Fol-
lowing milestones such as the ADNDT library (De Corte/
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Simonits, 2003) and the [IUPAC Access database (Kolotov/
De Corte, 2004), the k,-Nuclear Data Committee (2009)
released the “classic” ky-database (Ja¢imovi¢ et al., JRNC
2012) as a stepping stone for its upgraded 2015-version.
In these compilations not only k,’s are dealt with, but
also associated data such as Q, (thermal cross section/
resonance integral), E, (effective resonance energy), F, (Cd
transmission factor) and Westcott’s g and s, factors, not to
forget half-lives and activation/decay schemes with their
related data. Recently, the evaluation of these data was as-
sisted by an IAEA INDC project (Trkov et al., 2015), nota-
bly helpful for the quality improvement of Q,, E, F.,and g,
but somewhat ambiguous since it might be understood as
the re-introduction of k,-factors calculated from combina-
tion of cross-sections and gamma-intensities. Next to the
nuclear data, in the course of the years large attention went
to the practical and general applicability of the k-method.
This was achieved by developing reliable, robust and
user-friendly procedures for the characterization of the irra-
diation and counting parameters. As to the irradiation, pro-
tocols were worked out for measuring Ryves’ epithermal
shape factor o next to the well-known thermal/epithermal
flux ratio f; both involve the knowledge of k, and associ-
ated data for the monitors selected, thus revealing a non-
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negligible correlation. As to the counting parameters, atten-
tion was paid both to the accurate/precise determination of
the detection efficiency over a broad energy range and to
the evaluation of the peak-to-total ratio for the correction
of gamma summing effects. This correction requires the
knowledge of the decay schemes and their parameters, and
although this has been the topic of some of our studies, it
has known little follow-up. Next to the efforts for enhancing
the k,-method’s applicability, it is essential to mention the
development of dedicated computer programs, for instance
Blaauw’s kO-IAEA and van Sluijs’ Kayzero for Windows
(KAYZERO/SOLCOI). The performance of both has been
extensively tested by analysing reference samples, includ-
ing the SMELS materials that were especially developed for
k,-NAA. It has to be emphasized that, starting the k,-meth-
od in the mid-1970s as a pure Budapest-Gent cooperation,
it has evolved since then into an international discipline,
involving numerous laboratories providing new data and
insights, among which the PGAA contribution is notewor-
thy, e.g. from the Budapest group (Zsolt, Szentmiklosi et
al.). This internationalization, with respect to both develop-
ment and application, can best be documented by the series
of International k, Users Workshops, the 1 edition held
in Gent, 1992 and the 7" one scheduled in Montreal, 2017.

RADIOCHEMICAL SEPARATION OF MOSTLY SHORT-LIVED NEUTRON ACTIVATION

PRODUCTS
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Radiochemical separation of neutron activation products in
so-called radiochemical neutron activation analysis (RNAA)
provides the lowest element detection limits achievable of
all neutron activation analysis modes, especially if short-
lived products are employed. The most frequently RNAA
procedures used at the Nuclear Physics Institute (NPI) and
their applications for assay of namely biological materials
are presented. Various separation methods can be used for
the given purpose. In case of short-lived radionuclides,
extraction is most frequently employed, because of the sep-
aration speed and high radiochemical purity attainable.
The radionuclide with the shortest half-life, which we de-
termine in biological materials by RNAA, is 2V (T, , = 3.74
min). For this purpose, we use extraction of vanadium
with a solution of N-benzoyl-N-phenyl hydroxylamine in
toluene. The RNAA procedure had previously been used

for the vanadium determination in blood at the sub-pg kg!
level, and recently for the value assignment of vanadium
at the ug kg!' level in the new NIST SRM 1577¢ Bovine
Liver. Extraction of elementary iodine into chloroform is
basis of our RNAA procedure using %I (T,,, = 24.99 min)
with a detection limit down to the pg kg™' level. This proce-
dure is mainly used for assay of human diet and pet food
samples. This procedure also allows for subsequent deter-
mination of manganese via 3Mn (T, , = 2.579 h) using either
hydrated MnO, precipitation or extraction of Mn(I1l) com-
plex with diethyldithiocarbamate (DDC) into chloroform.
The Mn detection limit in the sub-pg kg™ range has been
achieved. Another pair of elements, which can be deter-
mined by RNAA either individually or subsequently, is
Hg and Se. For Hg determination via **Hg (T,, = 46.6 d),
extraction with Ni(DDC), into chloroform is used, while
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5Se (T,, = 119.8 d) is precipitated in elemental form by
ascorbic acid. The above procedures have mainly been used
for quality control purposes of the Hg determination in pol-
luted soils and for the Se determination in agricultural stud-
ies concerning Se supplementation of crops. In both cases
the detection limit down to pg kg'level is achieved. For
determination of sub-ng amounts of U, we use extraction
of U (T,, = 23.45 m) with tributylphoshate or separa-
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tion of daughter **Np (T,, = 2.36 d) by a combination of
coprecipitation and solid phase extraction with TEVA res-
in, whereas for determination of Th via daughter 2**Pa (T,
= 26.98 d) we employ coprecipitation and extraction with
trioctylphosphine oxide. The purpose of the last three
RNAA procedures is to arrive at a lower limit of detection
of U and Th than can be achieved by radiometric measure-
ments in, e.g., shielding materials for low-level counting.

NAA - THE METHOD WITH NEARLY UNLIMITED MEASUREMENT RANGE

Borut Smodis
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Most of conventional chemical analytical techniques for
determination of trace elements are limited in their linear
range, i.e. linear relationship between signal and concen-
tration of the measurand. Furthermore, a calibration curve
is frequently needed within a relatively narrow measure-
ment range. It is often overlooked that this is not the case
with neutron activation analysis (NAA), where relation-
ship between the signal (i.e. gamma-ray intensity of the
formed radionuclide) and the measurand’s content in a
sample is linear throughout the whole concentration range.
This feature, stemming from the activation equation, which
definitely represents comparative advantage of NAA in
comparison with other, non-nuclear analytical techniques,

Nuclear forensics
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is taken for granted by analysts and usually not empha-
sised enough. In the contribution, this fact is re-emphasised
and further discussed, for both radiochemical and instru-
mental modes of NAA. Typical examples from the practice
are presented, showing almost unlimited possibilities with
respect to measurement ranges of particular measurands
to be determined, ranging from ng g! or even lower levels
to up to tenths of percent content levels. Furthermore, the
physical characteristic of gamma-ray detection process also
allows for unique compensation of signal intensity, if need-
ed, by simply changing distance between the detector and
the measured sample.

RESULTS FROM THE GALAXY SERPENT WEB-BASED TABLE TOP EXERCISE UTILIZING
THE CONCEPT OF NUCLEAR FORENSICS LIBRARIES
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Key lessons learned and methodologies used in the second
version of Galaxy Serpent, a unique, virtual, web-based in-
ternational tabletop exercise concerning the concept of a
national nuclear forensics library (NNFL), are presented.

The three phase exercise involved thirty-five teams of
scientists from twenty-eight countries and three interna-
tional organizations. In Phase 1, teams were provided syn-
thetic sealed radiological source data which was used to
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compile a model NNFL. In Phases 2 and 3, this library
served as a comparative instrument. Phase 2, based upon
synthetic data from a hypothetical intact sealed source re-
covered out of regulatory control, was designed to allow
teams using provided information and making warranted
assumptions to down-select to three potential matches in
their model inventory. Phase 3, utilizing simulated field
information obtained from a hypothetical detonated radio-
logical dispersal device, was designed to allow teams to
identify a single source in their holdings as a potential
match. Teams were also asked to evaluate the confidence
underlying their reported findings. The methodologies uti-
lized and aggregate results of the exercise will be present-
ed, along with challenges encountered and benefits real-
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ized. The exercise has yielded insightful lessons regarding
the vital role NNFLs can provide in concert with traditional
forensics to strengthen investigations of nuclear or other
radioactive materials encountered outside of regulatory
control. The exercise also provides practical insights into
how a country can develop their own NNFL. The success
and efficacy of the exercise has initiated the development
of a third version of the exercise, similar in scope and in-
tent, which uses data pertaining to uranium ore concentrate
(UOC). This tabletop exercise was conducted under the
auspices of the Nuclear Forensics International Technical
Working Group (ITWG) and funded and organized by the
U.S. Department of State with technical expertise provided
by Argonne National Laboratory.

AGE DATING OF BULK PLUTONIUM MATERIALS

Brogen Dawkins, Philip Kaye, Pamela Thompson, Robert Watson
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The Actinides Analysis group at AWE specialises in the
bulk chemical analysis of actinide materials, with a particu-
lar emphasis on plutonium and uranium metals. Recently,
we have started to investigate the application of this capa-
bility to forensic analysis of nuclear materials.

A particular area of interest within the nuclear forensic
community is the age dating of actinide materials, specifi-
cally the determination of a ‘model age’ for discovered ma-
terial by the study of radio-chronometry pairs.

As part of quality control activities at AWE, plutonium
materials are routinely analysed for plutonium isotope ratio
composition by Thermal lonisation Mass Spectrometry
(TIMS) and assayed for total plutonium content by potenti-
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ometric titration. Americium and neptunium content is de-
termined by High Resolution Gamma Spectrometry (HRGS)
and uranium content by Wavelength Dispersive X-Ray Fluo-
rescence (WDXRF). Extending the analysis to uranium iso-
tope ratios thus allows access to the Pu-238-U-234, Pu-239-
U-235, Pu-240-U-236, Pu-241-Am-241, and Am-241- Np-237
radio-chronometers. The analytical techniques used will be
discussed, and the age dating of plutonium materials will be
considered with particular reference to the effect of low preci-
sion analytical techniques such as XRF on the model age.

The relationship between the calculated model ages for
different radio-chronometry pairs and the known produc-
tion history of plutonium materials will be discussed.

23Pa TRACER CALIBRATION FOR URANIUM RADIOCHRONOMETRY
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The age determination of a nuclear material gives informa-
tion on the time elapsed since the last chemical purifica-
tion undergone by the material. A “model age” can be
obtained by measuring the ratio between one isotope of

the element of interest (for example 2**U or ?°U) and its
decay product (>*°Th or #3'Pa). The “model” assumptions are
that (1) the uranium decay products have been completely
removed during the production and (2) the material has
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been kept as a closed system. When the first condition is
not fulfilled (Th or Pa impurities still in the material), the
material looks older than it is in reality. The use of two radi-
ochronometers allows the validity of these assumptions to
be tested through comparison of the ages obtained.

The quantification of the different isotopes is performed
by isotope dilution mass spectrometry (IDMS). For 2!Pa
analyses, there are two ways to obtain the isotopic tracer >**Pa:
(1) by milking from %"Np, (ii) by neutron activation of 2**Th.
Both CEA DAM and LLNL laboratories purify 2**Pa milked
from »*’Np. ?**Pa has a relatively short half-life (T,, = 27
days), and it is of importance to exactly know the concentra-
tion of this isotope at a precise date. One of the major diffi-
culties in making 23'Pa analyses is the calibration of the 2**Pa
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tracer. Two different rocks at secular equilibrium (equal ac-
tivity between 2°U and 23!Pa), Table Mountain Latite (TML)
and Basalt from Columbia River (BCR-2), were used in
both laboratories to calibrate the 23*Pa solutions. Both rocks
were solubilized and the amount of U was measured by
IDMS. 23'Pa amount in those solutions was then calculated
using the assumption of secular equilibrium. The ?33Pa tracer
was then mixed with each rock solution, Pa was separated
and purified, the 2**Pa/?*'Pa ratio was measured, andthe >**Pa
concentration was calculated using the known 2*'Pa amount.
The results from both TML and BCR-2 are in agreement,
which validates the assumption of secular equilibrium, and
both are suitable surrogate interim standards for calibrating
233Pa tracers until 2'Pa reference materials become available.

CHALLENGES AND UNCERTAINTIES IN AGE DATING OF URANIUM AND PLUTONIUM
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The radioactive decay of uranium and plutonium isotopes,
in combination with a few assumptions, can be used as built
in “chronometer” for determining the “age” of the material.
More precisely, the time elapsed since the last chemical sep-
aration of parent and daughter nuclides determines the rela-
tive amounts of these nuclides. In turn, the accurate knowl-
edge of the parent-daughter ratio enables to calculate a model
age of the material in question. “Age dating” is a vital tech-
nique employed in nuclear forensics in order to characterize
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the material of unknown history. The relative abundance of
parent-daughter pairs are measured through mass spectromet-
ric or radiometric methods. The uncertainty budget includes
the contributions from the measurements themselves, cali-
brations, and physical constants such as half-lives of the nu-
clides. In this paper we will examine the major uncertainty
contributions, the validity of some of the assumptions to be
made for establishing the model age and experimental options
for further improving the uncertainty in radiochronometry.

MORPHOLOGY AND CHEMICAL SPECIATION OF ACTINIDE MATERIALS

FOR FORENSIC SCIENCE
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Chemical speciation and morphology of uranium oxide
and plutonium oxide materials may provide information
important for understanding provenance and history of un-
known samples [1, 2]. We recently reported that chemical
signatures common to nuclear processes may become in-
corporated into uranium oxide materials, and that subtle

changes in chemical speciation from oxidation and/or hy-
dration following storage under humidity are detectable [3].
These studies to identify chemical signatures in urani-
um oxide materials were conducted using tools commonly
employed to measure chemical structure. Complementary
studies from the field of nuclear fuels have been pub-
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lished to understand morphologic properties of uranium
oxide materials in an effort to improve material perfor-
mance, and this information may be of value to nuclear
forensics science [2].

We have investigated the use of morphology to charac-
terized images of materials, and X-ray diffraction analysis
and synchrotron-based X-ray absorption spectroscopy to
probe temporal changes in chemical speciation of addi-
tional uranium oxide materials and plutonium oxide sam-
ples. These latter materials are intriguing systems that read-
ily form on plutonium metal surfaces, forming an olive
colored “rust” of PuO,. Studies of plutonium materials have
been conducted with an eye towards a variety of applica-
tions, such as environmental transport & fate and stockpile
stewardship. Our limited understanding of the complexity
of plutonium oxide systems, their morphologies, and chemical

behaviors, however, challenges our ability to develop viable
and quantitative forensic signatures from these systems.

We will discuss our studies to characterize morphologic
and chemical speciation from a set of uranium and plutoni-
um oxide materials. LA-UR-15-27363
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The CEA/DAM in Bruyéres-le-Chatel has recently devel-
oped a new gamma spectrometer composed of three dif-
ferent BEGe5030P Hyper-Pure Germanium detectors from
Canberra company. State-of-the-art techniques have been
used in order to reduce as much as possible its background.
Thus, the shielding is composed by three different layers
of increasing purity lead, several plastic scintillators used
as cosmic vetoes, an inner layer of borated polyethylene
used to capture secondary neutrons and an injection of ra-
don-free gas in the measurement chamber in order to re-
move radon descendants that emit y-rays from the detec-
tion chamber. Consequently, the spectrometer background
count rate is 4.4 counts per minute and per kilogram of
Germanium over the 40-2500 keV energy range. Thus,
this spectrometer located at ground level (2 meters of water
equivalent) offers similar background level that under-
ground spectrometers.

The gamma?® setup is operated using a digital acquisition
system. It is composed by a PIXIE-4 module from XIA LLC.

The PIXIE-4 module records the energy and the timestamp
of each event. Recording the timestamp allows to consider
only events in a given time range, to reconstruct coincident
events, to identify short lifetime nuclides, ... Examples illus-
trating the interest of digital acquisition will be presented.

The particular disposition of the detectors allows us to
measure with high efficiency different kind of sample ge-
ometries, such as F100, BP20 or SG500 geometries for
environmental measurements.

In addition, the use of two or three Germanium detec-
tors permits to perform coincidence measurement as well
as to increase the detection efficiency. In particular, the
coincidence measurements allow us to extract from the
background in active samples, nuclides that would remain
invisible in direct measurement.

The gamma3 spectrometer and its background will be
presented. Coincidence measurement powerfulness will be
discussed and the usefulness of the digital electronics will
be illustrated.
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DIGITAL COINCIDENCE GAMMA SPECTROMETER - INITIAL TESTS, RESULTS

AND PERSPECTIVES
Pawet Janowski, Jerzy W. Mietelski*

The Henryk Niewodniczanski Institute of Nuclear Physics, Polish Academy of Sciences (IFJ PAN), Radzikowskiego 152, Krakow, 31-342 Poland,

*e-mail: Jerzy. Mietelski@ifj.edu.pl

Keywords: gamma spectrometry, digitizer, coincidences, germanium detectors

A setup of two HPGe detectors with digital spectrometer
tracks was constructed at our Institute in Krakow. Basically
it consists of coaxial and planar HPGe detectors and 14 bit
CAEN digitizer. The detectors are in/at perpendicular axis.
It was also tested using two 30% efficiency coaxial HPGe
detectors from our whole body spectrometer. These two were
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facing each other. Spectra are collected in a form of tables
with registered energy and time of registration with resolu-
tion of 10 ns. Especially written software is used to analyse
any kind of coincidence/anticoincidence between registered
photons and enables also to analyse delayed coincidences.
Achieved results will be presented during conference.

GEANT4 SIMULATIONS OF THE BUDAPEST COMPTON-SUPPRESSED

PGAA SPECTROMETER

Laszlo Szentmiklosi*, Tamas Belgya

Centre for Energy Research, Hungarian Academy of Sciences, Budapest, Hungary, *e-mail: szentmiklosi.laszlo@energia.mta.hu

Keywords: prompt-gamma activation analysis, geant4

In prompt-gamma activation analysis, the source of the
analytical information is in most cases the (n, y) reaction.
The energy range of the spectra is consequently broad,
spans from 45 keV to 11 MeV. There is a Compton-plateau
for each full energy peak, containing the majority of the
counts. The Compton-suppressed detection of photons re-
duces the level of the baseline by about one order of
magnitude, so that it is of great importance to achieve
low detection limits and accurate nuclear data.

Nuclear safeguards
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In order to better understand the operation of the detector
assembly used at the Budapest PGAA and NIPS facilities,
and to allow the unfolding of spectra for nuclear physics
purposes, we made simulations earlier with MCNPS5 and
MCNP-CP for the complete PGAA and NIPS setups, and
more recently with geant4, but only for the bare HPGe detec-
tor. As a continuation of these earlier studies, this time we
report about the results of geant4 calculations for the entire
PGAA detector, in both unsuppressed and suppressed modes.

ROLE AND EVOLUTION OF NON-DESTRUCTIVE ASSAY FOR TAEA SAFEGUARDS

VERIFICATIONS
Andrey Berlizov, Alain Lebrun

Department of Safeguards of the International Atomic Energy Agency, Wagramerstrasse 5 PO box 100, Vienna, Austria,

e-mails: a.berlizov@iaea.org, a.lebrun@iaea.org

Keywords: non-destructive assay, international safeguards

TIAEA verification of the correctness and completeness of
State declarations under their safeguards agreements is
based on a number of techniques ranging from analysis of

open source literature, analysis of commercial satellite im-
agery, international trade analysis, field activities conducted
by IAEA inspectors and destructive analysis of samples in
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laboratory environment. A large part of field activities in-
volves instrumentation operated by inspectors or perma-
nently installed at facilities and running in unattended
mode. Instrumentation aims at supporting verification of
multiple parameters associated with State declarations.
Therefore, multiple techniques are involved, including op-
tical surveillance, sealing and radiation detection, such
as neutron coincidence counting or gamma spectrometry.

Systematically verifying declared nuclear material using
the ultimately accurate technique would induce enormous
costs comparable to all costs induced by process or quality
control by facility operators. To control both cost and prob-
ability to detect diversions, inspectors implement staged
verifications methods with associated sampling plans en-
suring adequate detection probability.

Non-destructive assay techniques are applied in the field
to confirm the nature and presence of declared nuclear
material at the item level by attribute testing. Attribute is a
specific measurable characteristic of a verified item which
when observed allows concluding that the verified item
is present. To verify that a substantial part of a declared
item has not been diverted, partial defect test method is
used which normally involves more sophisticated meas-
urement such as quantitative gamma spectrometry or neu-

Production of radionuclides
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tron coincidence counting. To detect protracted diversion,
most accurate methods have to be employed. The so-called
bias defect methods most of the time induce the need sam-
ple analysis in laboratories.

Fortunately, because the number of gross, partial and
bias defects respectively increases to result into the diver-
sion of a significant quantity, corresponding tests have to
be carried out in decreasing numbers to maintain the de-
tection probability irrespective of the envisaged diversion
scenario.

In the recent years, accuracy of non-destructive assay
technique have improved and contributed reducing the
number of destructive analysis. Combined procedures have
also been applied to use quantitative gamma spectrometry
in the field on fully controlled samples. Example of such
reduction of uncertainties will be presented including us-
age of Combined Procedure for Uranium Concentration
and Enrichment Assay (COMPUCEA), Advanced /n-Situ
Object Counting (A-ISOCS) and other specialized gamma
spectrometry applications applied to Uranium and Thorium.
The presentation will also underline the crucial role played
by improvement of simulation capabilities to accurately cal-
ibrate the instruments and appropriately correct for identi-
fied biases.

NUCLEAR DATA FOR THE PRODUCTION OF MEDICAL RADIONUCLIDES

Roberto Capote!, Marie-Martine Bé’, Mark A. Kellett’, Brett V. Carlson’, Alex Hermanne*, Mazhar Hussain’,
Anatoly Ignatyuk®, Tibor Kibédi’, Guinyun Kim?®, Filip KondeV’, Ondrej Lebeda’’, Aurelian Luca', Yasuki Nagai'?,
Haladhara Naik’3, Alan L. Nichols', Meiring Nortier’, J. W. Engle’’, Ingo Spahn'®, Ferenc Tarkanyi'”
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2Laboratoire National Henri Becquerel CEA-Centre d’Etudes de Saclay Saclay, France
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12Japan Atomic Energy Agency, Tokai-mura, Japan
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Cancer management is a major medical and economic issue
because of the increasing incidence of the disease in the
world. The need for radioisotopes in both cancer diagnosis

and therapy is very well established. These needs have been
addressed through a series of IAEA Coordinated Research
Projects running for the last 20 years.
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Experimental data compilations, theoretical calcula-
tions and evaluations were carried out for many of the
reactions of interest for isotope production and beam mon-
itoring. The recommendations for both established and
emerging radionuclides, and validation/testing of the cross-
section production library are discussed. Issues in decay
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data and cross section evaluations will also be presented.
The on-going project on “Nuclear Data for Charged-parti-
cle Monitor Reactions and Medical Isotope Production”
and the recently developed IAEA Medical Portal de-
signed for dissemination of isotope production will be re-
viewed.

THIN LAYER ACTIVATION, RADIOACTIVE TRACERS AND NUCLEAR DATA

Ferenc Ditroi*, Sandor Takdcs, Ferenc Tarkanyi

Institute for Nuclear Research, Hungarian Academy of Sciences, Bem tér 18/c, Debrecen, Hungary, *e-mail: ditroi@atomki.hu

Keywords: Thin Layer Activation (TLA), radioisotope production, radioactive tracers, wear measurement, production cross section

In the frame of a systematic study for establishment a data
base for nuclear data of charged particle induced excitation
function, cross sections and yield of radioisotopes suitable
for Thin Layer Activation (TLA) base radioactive tracing
are also collected separately. Taking into account the most
important condition for a radioisotope to be suitable for
TLA, a series of charged particle induced nuclear reactions
have been measured and evaluated in order to establish a
useful public database for the users of the radioactive trac-
ing community.

These radioisotopes have been selected according to
their large enough cross sections in the energy range of the
available charged particle beams, according to their half-
life proper to produce them, process them, deliver them and
perform the corresponding measurements in a reasonable
time interval. The proper gamma energy and its intensity is
also a selection criteria.
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The largest group of materials to be investigated is the
construction materials used in industry, technology, nuclear
industry, etc. These materials consist of pure elements such
as iron, copper, aluminium, etc., but most of them are alloys
containing more elements proper for activation as radioac-
tive tracers. Another groups of technical materials, which
does not contain any element proper for activation based on
the above conditions. In this case the radioactive tracers
should be produced separately and process it in a suitable
physical and chemical form, and add it to the material in
question with a properly chosen method (implantation, dif-
fusion, mixing, etc.).

This work presents the principles and technical details
of the wear, corrosion and erosion measurements by using
thin layer activation with radioactive tracers as well as pres-
ent the most recent results achieved in the field of nuclear
data measurements for this purpose.

CYCLOTRON PRODUCTION OF *"TC — REVIEW OF THE CURRENT STATUS

Ondrej Lebeda'*, Jan Ralis', Pavel Hradilek!, Adam éepa’, Tomas Vrba?
'Department of Radiopharmaceuticals, Nuclear Physics Institute of the CAS, v.v.i., Husinec-Rez 130, Rez, CZ 250 68, Czech Republic,

*e-mail: lebeda@ujf.cas.cz

2Faculty of Nuclear Sciences and Physical Engineering, Czech Technical University in Prague, Biehova 7, Praha 1, CZ 115 19, Czech Republic,

e-mail: tomas.vrba@fjfi.cvut.cz

Keywords: Tc-99m, cyclotrons, Mo-100, Mo0-99 supply crisis, radionuclidic impurities, quality control

Radionuclide *™Tc (T,, = 6.01 h) plays up to now the key
role in nuclear medicine, being used in ca 80% of diag-
nostic imaging worldwide. It is now obtained from radio-
nuclide generators *Mo/*™Tc, where the parent Mo (T,, =
65.96 h) is produced in a few research nuclear reactors
by fission of 2**U. Since 2008, the world of nuclear medi-
cine experienced several severe shortages of the Mo sup-

ply due to the unexpected shutdowns. This experience
and risk associated with the age of the largest reactors re-
sulted naturally in exploring alternative ways of * Mo or
mTe production.

A promising concept seems to be highly decentral-
ized cyclotron production of *mTc via the 1°Mo(p,2n)**Tc.
The installed number of medical cyclotrons (over 1000
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worldwide) represents a natural network for simultaneous
supply of mTc as pertechnetate for kit labellings and posi-
tron emitters for PET imaging.

We shortly summarize experimental data necessary for
the yield calculation and for reliable forecast of the radio-
nuclidic impurities content in the product. Actually, the pro-
file of potential radionuclidic impurities is the only signif-
icant difference between the *Mo/**"Tc generator eluate
and the cyclotron-produced Sodium (*™Tc) pertechnetate.
Its impact on the on patient’s radiation burden for expect-
ed range of production parameters (target enrichment, irra-

Prompt gamma activation analysis
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diation and cooling times, expiry time) is estimated and dis-
cussed.

We describe the key moments of the cyclotron produc-
tion (targetry, target processing, Mo recycling, compati-
bility of the cyclotron-produced ***Tc with established kits
for production of radiopharmaceuticals, regulatory issues)
and address its technical and economic challenges. We also
give a survey of a set of analytical control methods that are
implemented in a proposed monograph on Sodium (*"Tc)
pertechnetate (cyclotron-produced) in the European Phar-
macopoeia.

DETERMINATION OF THERMAL NEUTRON CAPTURE CROSS SECTIONS

FROM PROMPT GAMMA-RAY DATA
Richard B. Firestone

Department of Nuclear Engineering, University of California, Berkeley, CA 94720 USA; Lawrence Berkeley National Laboratory,

MS-88R0192, Berkeley, CA 94730, USA

Keywords: y-ray energy, y-ray cross section, total radiative thermal neutron cross section, neutron beams

Thermal neutron capture cross sections are important for
the production of radioisotopes, reactor calculations, acti-
vation analysis, dosimetry, nuclear medicine and a host of
other applications. Precise y-ray energies and cross sec-
tions were measured with thermal neutron beams at the
Budapest Research Reactor for all natural elemental tar-
gets, except He, and compiled into the Evaluated Gamma-
ray Activation File (EGAF) [1] as part of an IAEA Coordi-
nated Research Project (CRP). These measurements were
precisely standardized using stoichiometric compounds and
mixtures [2] containing elements whose y-ray cross sections
are well known. Additional measurements have subse-
quently been mode on isotopically enriched targets at the
Budapest and Garching FRM-2 Research reactors.

We have used these y-ray cross sections to determine to-
tal radiative thermal neutron cross sections. In the case of
light isotopes the neutron capture decay scheme is complete
and we determine the cross section from the sum of y-ray
cross sections deexciting the capture state and feeding
the ground state. For heavier isotopes the decay schemes
are not complete because y-rays from the continuum cannot
be experimentally resolved yet contribute significantly to
the total cross section. In those cases we use statistical mod-
els to calculate the continuum contribution and determine
the total cross section by the equation o, = X0,(GS),,, +

exp

20,(GS),,,. where the continuum contribution feeding the
ground state is calculated with the statistical model code
DICEBOX [3]. In many cases we have also measured the
cross sections for activation y-rays and the total cross sec-
tion can be determined from the decay scheme normaliza-
tion or conversely the decay scheme normalization can be
calculated from the total cross section. These methods typi-
cally give precisions of 1-2% and are usually more accurate
than earlier measurements.

In this talk I will discuss the analysis techniques we have
used with our measurements to determined cross sections and
the statistical models that we have used. I will also discuss
our progress on updating the EGAF database and develop-
ing a new database of thermal neutron capture cross sections.
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WATER PURIFICATION BY IONIZING RADIATION
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The contamination of surface waters with recalcitrant,
poorly degradable organic molecules, pesticides, pharma-
ceuticals, surfactants, etc. forces the chemists to develop
new technologies for water treatment [1]. In the so-called
Advanced Oxidation Processes (AOPs), highly reactive
radical intermediates, mainly the hydroxyl radicals induce
the degradation of organic molecules. These technologies
mainly differ in the way of hydroxyl radical generation.
In water treatment by ionizing radiation the radiolysis of
water supplies the hydroxyl radicals. Due to the simple way
of radical generation, as well as the well developed steady-
state (irradiation with y-rays and analysis of final products)
and transient (irradiation with accelerated electrons and
observation of the short-lived intermediates by optical
spectroscopy) techniques radiolysis is very often used for
investigation of the kinetics and mechanism of advanced
oxidations. The number of research and technical papers
on this field is well above 1000. The basic radiation chemis-
try and in some cases the details of chemical reaction are
now well understood. The investigations refer to the decay
of the starting compounds (discoloration) but very often
the scientists follow the fate of the products till complete
transformation to H,O, CO, and other inorganic substances
(mineralization). In the case of mineralization usually
group parameters are measured such as the chemical oxy-
gen demand, the biological oxygen demand and the total
organic carbon content. Many studies are supplemented by
toxicity measurements as well.

Irradiation technology is used in a large number of pilot
plants and in a few full scale installations for wastewater
treatment [2, 3]. All the installations use electron accelera-
tor for this purpose and continuous flow through sys-
tems. The pilot plants may treat several hundred m? a day,
whereas the capacity of full scale installations goes up
10,000 m?/day.

In the lecture the theoretical background of water treat-
ment by ionizing radiation is discussed showing the reac-
tion kinetics and mechanism of pollutant degradation. From
the point of view of economics of large scale application
one of the most important questions is the selection of the
electron accelerator. The applicable high-power electron
accelerators will also be discussed together with the prices
of installations and everyday operations. With the present
knowledge the treatment price with 0.1-0.2 kGy absorbed
dose is c.a. 0.1-0.2 USD/m’.
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PHOTOCATALYTIC ABILITY AND 5Fe-MOSSBAUER STUDY

OF IRON-CONTAINING SILICATE GLASS

S. Kubuki', Y. lida', B. Kobzi', Z. Homonnay?, E. Kuzmann?, M. Ristié3, S. Krehula®, T. Nishida*
"Tokyo Metropolitan University, 1-1 Minami Osawa, Hachi-Oji, Tokyo 192-0397, Japan

2E6tvos Lorand University, Pazmany P. s. 1/A, 1117 Budapest, Hungary

*Ruder Boskovi¢ Institute, Zagreb 10000, Croatia

“4Kinki University, Kayanomori 11-6, lizuka, Fukuoka 820-8555, Japan

A relationship between visible light photocatalytic ability
and structure of iron-containing silicate glass with the
composition of 15 Na,O ¢ 15 CaO ¢ (70—x) * SiO, * xFe,O,
(abbreviated as xNCFS, 0 < x < 50 mass%) was investigat-
ed by 'Fe-Mdossbauer spectroscopy and methylene blue
degradation test. “’Fe-Mdssbauer spectrum of xXNCFS glass
with ‘x” of 50 heat treated at 1000 °C for 100 min com-
posed of a paramagnetic doublet with the isomer shift (d)
of 0.24 mm s' and quadrupole splitting (D) of 0.99 mm s
due to distorted FeO, tetrahedra, and a magnetic sextet
with d of 0.36 mm s and internal magnetic field (H,,) of
51.8 T due to hematite [1]. Remarkable decrease in MB from
10.0 to 0.0 mmol with the rate constant (k) of 2.87x1072 h!

was observed for the degradation test using heat-treated
50 NCFS glass under visible light irradiation [1]. The larger
k value of 9.26x 102 min! was estimated for heat-treated
iron aluminosilicate glass [2], indicating that iron silicate
glass is an effective visible-light activated photocatalyst.
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FAST, SENSITIVE AND ACCURATE: CHALLENGES TO RADIOANALYTICAL METHODS

FOR DIFFICULT-TO-DETECT RADIONUCLIDES
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Over the past 70 years, the development of nuclear fission
for nuclear weapon testing and nuclear power generation
have led to global spread of both natural and artificial
radionuclides in the environment at ultra-trace levels. This
presents a potential threat to human health, since many of
the fission/activation products are long-lived alpha- or be-
ta-emitting radionuclides with high radio-toxicities (e.g.,
actinides and Sr-90). Thus, monitoring of the release of
these radionuclides from the sources and understanding of
their environmental behaviour are of high importance.
However, sensitive and accurate determination of these ra-
dionuclides in low level environmental and biological sam-
ples is often very difficult, as many current radioanalytical
methods are quite laborious, time-consuming and insuffi-

cient to meet the sensitivity requirements. Furthermore, rap-
id methods are urgently needed to shorten the sample analy-
sis turn-around time for quick decision making in the event
of a radiological/nuclear (RN) emergency. Even a small
scale incident may generate hundreds of samples, and faster
methods with increased sample analysis throughput are
highly desired. Therefore, development of rapid methods
for difficult-to-detect radionuclides with good speed and
accuracy, using modern radiometric and advanced mass
spectrometric techniques as well as emerging radiochemical
separation technologies, is essential but remains a great
challenge to radioanalytical chemists.

In this presentation, some newly developed methods for
rapid determination of various difficult-to-detect radionu-
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clides (including actinides, Ra-226, Po-210, Sr-90, Pm-147
and Fe-55) in a wide variety of environmental and biological
samples (e.g., water, swipe, urine and faecal samples) will
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be overviewed, along with their applications in the fields of
environmental radioactivity monitoring, emergency radio-
assay, nuclear forensics, and radio-hazard characterization, etc.

RAPID DETERMINATION OF ACTINIDES IN SEAWATER SAMPLES
Sherrod L. Maxwell'*, Brian K. Culligan’, Jay B. Hutchison', Robin C. Utsey', Dan. R. McAlister’

!Savannah River Environmental Laboratory, Aiken, SC, USA, *e-mail: sherrod.maxwell@srs.gov
2PG Research Foundation, Inc. Lisle, IL 60532, e-mail: dmcalister@eichrom.com
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In light of the nuclear accident at Fukushima Daiichi Nu-
clear Power Plant in March, 2011, there is a need for rapid
methods to determine actinide levels in seawater samples
that can be applied quickly, with high chemical yields and
effective removal of interferences. Laboratory methods
that take one to two weeks to determine actinide levels in
seawater are simply not rapid enough following a radio-
logical release. The theft of nuclear material in Mexico [1]
in 2013 highlights the need for nuclear safeguards and raises
concerns about a radiological dispersive device (RDD) or
“dirty bomb”, again illustrating the need for rapid environ-
mental methods. The measurement of actinide levels in sea-
water can be quite challenging, due to the difficulty of the
seawater matrix and low detection limits required. Surface
concentrations of plutonium in seawater, for example, are
usually very low (<5 uBqL™"), except for contaminated are-
as such as in the Irish Sea. [2] While fresh water sample ali-
quots taken for analysis are often 1 liter or less, seawater
aliquots up to 200 liters or more have been analyzed to
lower detection limits as much as possible. Unfortunately,
many of the methods used provide chemical yields of only
30-60%. The time frame needed to determine actinide lev-
els in environmental samples, including seawater samples,
after a nuclear accident is in hours, not weeks, to allow
appropriate assessment of environmental contamination
as well as protection of the public and marine ecosystems.
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A new rapid method for the determination of actinides in
seawater samples has been developed at the Savannah River
Environmental Laboratory. The actinides can be measured
by alpha spectrometry or inductively-coupled plasma mass
spectrometry (ICP-MS). The new method employs novel
pre-concentration steps to collect the actinide isotopes
quickly from 80-100 L of seawater. Following these rapid
matrix removal steps, the actinides are separated using ex-
traction chromatographic resins. Stacked TEVA Resin and
TRU Resin cartridges are used to rapidly separate Pu, U,
and Np isotopes from seawater samples. TEVA Resin and
DGA Resin were used to separate Pu, Am and Cm isotopes
in seawater for measurement. This robust method is ideal
for emergency seawater samples or the routine analysis of
seawater samples for oceanographic studies to enhance effi-
ciency and productivity. Sample preparation time for this
new method is <8 hours.
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A new procedure was developed for the separation
of uranium, thorium, plutonium, neptunium and ameri-
cium based on extraction chromatography using the

N,N,N’,N’ tetraoctyldiglycolamide sorbed onto Amber-
chrom CG-71 (available as DGA resin® from Triskem
International).
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The dissolved sample was loaded from a reductive media
in 4M HCl and the actinides were sequentially eluted chang-
ing the nature and the acidity of the eluents, the oxidation
states of the given actinides, the concentration of the com-
plexing agent, and the temperature. Conditions of the se-
quential elution were optimized by series of model experi-
ments. 0.5 M HNO; solution was selected as the elution
media for all actinides except Am. The following elution
sequence was realized: (i) The least retained uranium spe-
cies were stripped from DGA as U(VI) after on-column ox-
idation under moderate conditions using 4M HNO, at 30 °C.
During this process the oxidation of Pu and Np to non-
retained species of Pu(V), Pu(VI) and Np(V), Np(VI) was
neglectable. (ii) Oxalic acid as a strong complexing agent
was selected to strip the tetravalent actinides, i.e. Th and
Np(IV). It was proved that trivalent actinides form less sta-
ble complexes with oxalic acid than tetravalent ones. There-
fore Pu was on-column reduced to Pu(III) and kept on the
DGA together with Am(III) while Th and Np(IV) were
stripped. (iii) Pu(Ill) was oxidized on-column to Pu(IV) or
to higher oxidation states using the strong oxidizing agent
K,S,0;. It was stripped from DGA probably as oxalate

complex while Am was still retained on DGA. (iv) Finally,
Am was stripped with 0.5M HCI. It was recognized that
the extraction chromatographic processes on DGA at
room temperature are often slow and irreproducible. The
chromatograms became reproducible after a strict tempera-
ture control. Slight increase of the temperature could
accelerate the oxidation reaction and the elution, as well.
E.g., on-column oxidation of uranium with 4M HNO, at
30 °C was possible, and the temperature increase to 40 °C
accelerated the rather slow elution of Th and Np(IV) com-
plexes.

Alpha sources were prepared by micro-co-precipitation
from the strip solutions without further processing.

The method was successfully applied for the determina-
tion of the alpha emitting isotopes of U, Th, Np, Pu and
Am in radioactive waste samples after destruction and
pre-treatment (co-precipitation with Fe(OH),) of the sam-
ples. The method was also applied for the determination of
Am in urine samples without any pre-treatment (destruc-
tion, pre-concentration) of urine. Overall recoveries for all
actinides were higher than 50%. The alpha sources were
free of contaminants of other actinides.
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The South Atlantic Ocean has the lowest concentration
and inventory of plutonium of the world’s oceans due to
the low input from stratospheric fallout. Furthermore, no
major known nuclear tests resulting in local fallout and
nuclear reprocessing have been conducted in the area.
Due to the global ocean circulation system, dissolved
plutonium can be transported over large distances that
eventually can result in an increase of Pu in the south
Atlantic. It is well established that the Pu-isotopic com-
position in the Pacific Ocean differs from the stratospher-
ic global fallout found on land and from the composition
in North Atlantic and Arctic Ocean. These differences
enable us to use dissolved plutonium in seawater as an
oceanographic tracer. So far, few data exist on seawater

Pu concentrations and isotopic composition in the South
Atlantic.

During GEOTRACES pre-cruise ANT XXX-1 in 2005
from Bremerhaven, Germany, via Vigo (Spain) to Cape Town,
(South Africa) surface water samples from 19 stations were
obtained. Plutonium was sampled using an in-situ absorp-
tion MnO, cartridge system. Large volumes (956 1 — 2700 1)
of surface water were sampled by passing seawater at a
flow rate of 2.8+0.7 I/min through the system. All samples
were taken to the home laboratory for further radiochemical
purification. After chemical purifications, Pu isotopes were
measured by alpha spectrometry, and selected Pu cartridges
samples were analysed by an Accelerator Mass Spectrome-
try (AMS) to determine 2*°Pu/>°Pu isotopic ratios.
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The highest surface water Pu concentrations were found
in the region of the Canary Islands and the West African
coast (~3.7 uBg/l of #%2%Pu) probably indicating aeolian
input from Sahara. The lowest concentration was found in
the oligotrophic Angola basin (~0.3 pBq/l of 23*24Pu). From
the Angola basin towards the Cap basin concentrations
increase. The 23¥Pu/?3%24Pu activity ratios increase from
the northern stations (~0.04) towards the southern stations
(~0.1). The lower ratios at the Northern stations agree with
the stratospheric fall out ratio (~0.03). The higher ratios in
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the eastern South Atlantic could be a result of Pu released
during the SNAP 9A satellite re-entry over the Mozambique
Channel in 1964 that increased the 23¥Pu/?**24Pu ratio in the
Southern hemisphere. The 2*°Pu/>*°Pu atom ratio shows a
linear trend from 0.18 in the Northern stations to 0.21 in
the Southern stations. This might indicate that some sur-
face water originates from the Pacific Ocean (where the
240Pu/?3°Pu ratio is about 0.23) or that an unknown source
of Pu with a higher ratio than the global fallout is present
in the South Atlantic.

MODIFICATION OF THE UPTAKE OF #*Pu AND ?'Am BY WHEAT PLANTLETS
BY APPLICATION OF INORGANIC FERTILIZERS

Francisco Javier Guillén'*, Juan Gabriel Murioz-Muiioz!, Antonio Baeza', Alejandro Salas’, Nicolae Mocanu’
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Inorganic fertilizers have been used as agricultural coun-
termeasures to reduce the uptake of anthropogenic radio-
nuclides released into the environment. They were mainly
focused on radiocaesium and radiostrontium, and there are
fewer data on other radionuclides also released, such as
29%Pu and *'Am. Wheat plantlets were grown under con-
trolled laboratory conditions on a limited amount of soil
with a known activity of 2°Pu and 2*' Am, in order to analyze
the influence of two common inorganic fertilizers, NPK and
diammonium phosphate (DAP) at different rates. As these
rates increased, the uptake of 2*°Pu and ?*!Am to the whole
plantlet also increased compared to control experiences,
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in which no fertilizer was added. This increase was high-
er for DAP fertilizer than for the NPK one, which might
be due to the higher supply of P,0, and NH," provided
by DAP fertilizer to the soil in comparison with NPK fer-
tilizer. The radionuclide distribution within the plantlet
was not homogeneous. Root content was higher than shoots
for control and fertilized experiences, suggesting low mo-
bility of 2*Pu and 2*!Am within the plantlet. The 2*Pu and
21Am content in root increased with the fertilizer rate, but
practically no effect was observed in shoots. Their con-
tent remained almost the same, and only decreased slightly
with NPK.

SIMPLIFIED MODELING IN DYNAMIC COLUMN TECHNIQUE FOR THE DETERMINATION
OF RADIONUCLIDE TRANSPORT PARAMETERS IN SYSTEMS OF SOLID GRANULAR

MATERIALS AND GROUNDWATER
S. Palagyi*, K. Stamberg, D. Vopdlka

Department of Nuclear Chemistry, Faculty of Nuclear Sciences and Physical Engineering, Czech Technical University,

115 19 Prague, Czech Republic, *e-mail: istvan.palagyi@email.cz

Keywords: crushed crystalline rock and soil columns, pulse and continual groundwater inlets, linear and non-linear equilibrium sorption/desorp-

tion isotherms, 1-D advection, dispersion equation, breakthrough curves

Deep geological disposal of high-level radioactive waste
and spent nuclear fuel into earth crust formations requires
studies on the behavior of the surrounding environment
towards transport of radionuclides, which may enter the

groundwater as a possible source of drinking or irrigation
water in case of the failure of engineering barriers of a
repository. For the evaluation of the ability of environ-
ment to retain radionuclides and prevent them to transfer
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into groundwater is necessary to know some important
transport parameters. The most important amongst them
are the retardation (R) and dispersion (K, ) coefficients. The
retardation coefficient can be calculated indirectly from
the distribution coefficient, determined in batch test, which
is a convenient laboratory method. However, the distribu-
tion coefficient determined by static batch method for the
characterization of the retardation properties of the envi-
ronment, in the so-called K, -model, seems too simple to
represent the complex host rock-groundwater system, espe-
cially if a non-linear equilibrium isotherm holds.

For the determination of K, it is more effective to use
dynamic transport process, where the groundwater flows
through the column of a porous (granular) solid material
(core or fractured rock, soil, or sediment). In this laboratory
technique, the retardation coefficient can be evaluated di-
rectly using the experimental through-flow data and then
distribution coefficient is calculated from R and by hy-
draulic data. Moreover, dynamic column experiments make
possible to observe the sorption, or desorption during trans-
port of a contaminant by water through the bed under satu-
rated or unsaturated conditions. Contrary to static method,
the hydrodynamic dispersion coefficient (D, ) can also be
determined by this column technique.

In comparison with the batch operation (closed arrange-
ment), there are several substantial advantages of the col-
umn operation (open arrangement). Above all the dynamic
arrangement is much closer to conditions existing in the
environment, the aqueous volume to mass ratio is incompa-
rable more realistic, the build-up of interfering products is
greatly limited, the change of material quality during test is
insignificant, there is a possibility to apply undisturbed ma-
terials (core samples), it enables to keep a fine structure and
specificity of the sample, and allows easier differentiation of
reversible and irreversible portions of sorbed and desorbed
contaminants. On the other hand, the advantages of static,
batch method lie in a much more simple experimental appa-
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ratus, the possibility to attain equilibrium radionuclide dis-
tribution state and the better reproducibility of results.

The most widely used column technique and their evalu-
ation is given in this paper. The evaluation is based on the
application of the analytical solution a 1-D advection-dis-
persion equation (ADE) under defined boundary condi-
tions, namely for both pulse and continual input of a radio-
active solute. The determination of transport parameters
in both input techniques are solved by the construction
and fitting the experimental breakthrough curve, which is
a function of a relative radioactivity concentration on the
number of pore volumes at the column outlet. The experi-
mental breakthrough curve is dependent, beside the input
conditions, also on the sorption and desorption equilibrium
isotherms, equilibrium or non-equilibrium dynamics, and
physical properties of the column, etc.

It has been shown that the method of evaluation can be
used in the case of validity of linear (K ,-model), or a non-
linear (Freundlich — model) sorption isotherm. The experi-
mental data are fitted on a point wise basis using the Newton-
Raphson multidimensional non-linear iteration procedure,
in which the regression function consists of the above men-
tioned AD equation and equation for the retardation coeffi-
cient including the K, quantity, or the first derivative of
Freundlich equation. Values of basic parameters, namely
K, or two Freundlich equation parameters (K. and n) and
Peclet number, are sought in the course of the regression
procedure. Applicability of the method has been demon-
strated on the evaluation of breakthrough curves of several
hygienically important radionuclides obtained by dynamic
flow column experiments.

The aim of this presentation is to inform on the work
carried out in our department on the determination of trans-
port parameters of radionuclides in systems made of vari-
ous solid crushed granitic and soil materials, sands and dis-
turbed or undisturbed soil cores with synthetic groundwater,
containing nonreactive and/or reactive tracers.

FOOD SAFETY AFTER FUKUSHIMA: THE BEEF ISSUE

Georg Steinhauser

Leibniz Universitdt Hannover, Germany

After the Fukushima nuclear accident Japanese authorities
dedicated enormous efforts to secure food safety for the
public. Although our recent analyses have shown that the
monitoring has been very effective for most food catego-
ries, beef proved to be the only major food category that
has been more problematic. Our analyses revealed a much
lower effectiveness of the monitoring action for beef. The
author speculates that, by following the governmental mon-

itoring manual (which gives “meat” only second priority),
the sudden exceedances caught the monitoring agencies
unprepared and triggered a much higher density monitoring
of beef with the delay of several weeks. Even then, many
above limit items reached the market (mainly because the
monitoring during this period had focused on the post-mar-
ket). Therefore, it is likely that some above-limit beef has
been consumed by the public.
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USE OF MOSSES FOR MONITORING ATMOSPHERIC DEPOSITION OF RADIONUCLIDES

— POSSIBILITIES AND LIMITATIONS

Eiliv Steinnes
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Samples of naturally growing moss have been extensively
used in Europe over the last 40 years for large-scale moni-
toring of atmospheric deposition of trace metals. As radio-
active isotopes of an element behave the same way as the
corresponding stable isotopes under equilibrium conditions
there is no reason why moss sampling could not be used
for monitoring of radionuclides as well, provided that the
moss technique works for the corresponding stable ele-
ments. There have been some reports in the literature on
the use of this approach for the study of radionuclides in
natural ("Be, 2'Pb, ?!°Po — —) as well as anthropogenic pro-
cesses ("', 137Cs, Sr, %Zr-5Nb, “'Ba-40La, 2Py, 24Py,
241 Am), but most of these efforts have been limited in time
and space, and very few of them have considered in detail
the mechanisms involved in the fixation of the radionu-
clides to the moss surface and the character and strength
of the binding.

From studies of trace element deposition it is known
that metals may be fixed to the moss surface bound to par-
ticles as well as attached to the moss surface in free state
by electrostatic or chemical bonds, and the feasibility of
the moss monitoring technique for an element depends on
the chemical property of the elements and its physical or
chemical association with other substances in the atmos-
phere. These facts have not always been considered criti-

cally in monitoring studies employing moss samples for
mapping deposition of radionuclides. Several investigations
have been reported on geographic distribution of '3’Cs in
moss, but most frequently without considering the interac-
tion of Cs with the moss. It has been shown that the Cs ion
is transported in the moss plant from the older to the young-
er annual growth increment [1, 2]. This was clearly demon-
strated in a study from Belarus where the original atmos-
pheric deposition pattern from the Chernobyl accident was
evident in moss samples collected over 20 years after the
accident [3].

The present talk will briefly review the literature on moni-
toring of radionuclides in air using mosses and discuss
some of the possible problems based on general experience
with this technique applied to stable forms of trace ele-
ments.

References

[1] E. Gaare and E. Steinnes, Proc. 7" Nordic Radioecology
Seminar, Reykjavik, Iceland 1996.

[2] M. V. Frontasyeva et al., Radionuclides and Heavy
Metals in the Environment, 29-36, Kluwer, Dordrect
2001.

[3] Yu. V. Aleksiayenak et al., J. Environ. Radioact. 117,
19-24 (2013).



34

RANC2016 + 10-15 April, 2016 * Budapest, Hungary

Radiolabeled compounds and radiopharmaceuticals

343

DEVELOPMENT OF A THERANOSTIC LIPOSOMAL DRUG DELIVERY SYSTEM

FOR RADIONUCLEOSIDES

Zoltan Varga', Rita Doczi?, Krisztian Szigeti®, lldiko Horvath?, Daniel S. Veres?, Domokos Mathé?,
Marion Roller’, Agnieszka Morgenroth®, Nils Bornwasser’, Uwe Kénigs® 5, Andreas Vogg®

'Biological Nanochemistry Research Group, Institute of Materials and Environmental Chemistry, Research Centre for Natural Sciences,
Magyar tudosok korutja 2, H-1117 Budapest, Hungary, e-mail: varga.zoltan@ttk.mta.hu

Institute of Nuclear Techniques, Budapest University of Technology and Economics, H-1111 Budapest, Hungary

*Department of Biophysics and Radiation Biology, Semmelweis University, H-1094 Budapest, Hungary

4CROmed Translational Research Centers, H-1047 Budapest, Hungary

SUniversity Hospital of the RWTH Aachen, Clinic for Nuclear Medicine, D-52057 Aachen, Germany
SFH Aachen, University of Applied Sciences, Campus Jiilich, D-52428 Jiilich, Germany

Keywords: endoradiotherapy, nucleoside analogs, targeted drug delivery, multimodal imaging

Many cancerous cells exhibit intensified metabolism, which
also concerns the enhanced uptake of the building blocks of
DNA, namely the nucleosides. Nucleoside analogues con-
taining a radioactive isotope which emits Auger radiation
effectively degrade the DNA of the cancer cells, but on the
other hand the efficiency of this approach is limited by the
fact that only a small fraction of the intravenously adminis-
tered radionucleosides reaches the target cells. The main aim
of this work was to establish a multimodal liposomal drug
delivery platform for radionucleosides for combined diag-
nostic and therapeutic use in cancer treatment (theranostics).

In the present work we have developed a liposomal nano-
carrier system for the delivery of a thymidine analog, [I-125]5-
i0do-2’-deoxyuridine (IdUrd) by using its lipid conjugate.
Esterification was performed with hexanoic and oleic anhy-
dride, and the product was purified by reverse phase HPLC.
Incorporation of the lipid conjugated IdUrd into the lipos-
omes was monitored by size exclusion chromatography.

Labeling of the liposomes with 68-Ga for PET imaging
was performed by using a DTPA-conjugated phospholipid,

while fluorescent labeling was achieved with a nitrobenzox-
adiazole (NBD) fluorophore conjugated phospholipid.

Antigen specific targeting of the liposomal nanocarrier
to cancer cells was achieved by covalent attachment of a
prostate-specific membrane antigen (PSMA) ligand, namely
the dipeptide Glu-urea-Lys. PSMA is highly overexpressed
in prostate cancer, therefore it presents an excellent target
in some novel diagnostic and therapeutic treatments. The
PSMA-ligand containing a primary amine-group was at-
tached to the liposomes by incorporating an N-hydroxy-
succinimide activated polyethylene glycol — lipid conjugate
(DSPE-PEG2000-NHS).

In vitro binding with PSMA-targeted and fluorescent-
ly labelled liposomes in MDA-MB231 (PSMA positive)
and PC-3 (PSMA negative) cell lines was evaluated by
flow cytometry analysis, which revealed specific binding
of the PSMA-targeted liposomes to the PSMA positive
cells.

This work was supported by the TET 12 DE-1-2013-
0013 German-Hungarian bilateral agreement.
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Objectives: The sigma-2 (c,) receptors are overexpressed in
a wide variety of human and rodent tumor cells and play a
pivotal role in cancer biology [1, 2]. Moreover, they showed
an approximately 10-fold higher expression in proliferat-
ing tumor cells compared to that in quiescent tumor cells.
And thus, they proved to be a unique receptor-based bio-
marker of cell proliferation in solid tumors [3]. Herein we
report the synthesis and evaluate of a series of indole-based
analogs with 5,6-dimethoxyisoindoline or 6,7-dimethoxy-
1,2,3,4-tetrahydroisoquinoline moiety as highly selective
o, receptor ligands.

Results and discussion: The newly synthesized indole-
based analogs showed low nanomolar affinity for o, re-
ceptors (Ki(c,) = 1.79-5.23 nM) and excellent subtype se-
lectivity (Ki(c,)/K{(c,) = 56—708). The carbon chain length
of the linker between the indole group and 5,6-dimethoxy-
isoindoline or 6,7-dimethoxy-1,2,3,4-tetrahydroisoquinoline
moiety displayed significant influence on the subtype selec-
tivity. The compounds with a butyl linker exhibited highest
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subtype selectivity. We synthesized 2-(4-(4-(2-['*F]fluoro-
ethoxy)-1H-indol-1-yl)butyl)-6,7-dimethoxy-1,2,3,4-tet-
rahydroisoquinoline and 1-(4-(5,6-dimethoxyisoindolin-2-
yl)butyl)-4-(2-[**F ]fluoroethoxy)-1H-indole. The log D val-
ues of the above radioligands are 2.17+0.13 and 2.14+0.02,
respectively. The in vivo biological evaluations are in pro-
gress.

Conclusions: These findings suggest that '8F-labeled in-
dole-based ligands warrant further evaluation as potential
PET radiotracers for o, receptor imaging.
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Dithiocarbamate compounds have been the focus of me-
dicinal chemistry in recent years because of their unique
molecular structure with a variety of biological proper-
ties, such as anti-tumor and anti-bacterium. Due to the fa-
vourable characteristics of **"Tc (ideal half-life, optimal
y-energy, inexpensive cost and in-house availability) and
larger number of single photon emission computed tomog-
raphy (SPECT) scanners in the world, there has been great
interest in developing novel *™Tc-labeled radiotracers for

SPECT imaging. Among *"Tc labeled radiopharmaceuti-
cals, dithiocarbamate compounds contain two sulfur atoms
that can easily chelate with *™Tc, thus making it feasible
to prepare several stable *"Tc complexes as novel poten-
tial radiopharmaceuticals. This review summarizes the
preparation and potential applications in nuclear medicine
of previous reported *"Tc labeled dithiocarbamate com-
plexes and discusses future prospects of this class of imag-
ing agents.
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The natural mono-isotopically occurring *Mn is an essen-
tial trace element in the mammalian body and is currently
increasingly used in animal research studies with Manga-
nese Enhanced Magnetic Resonance Imaging (MEMRI).
The divalent manganese ion can enter neuronal cells via
voltage gated calcium channels and is in addition a strong
T, contrast enhancing agent. Due to its increased uptake
in excited nerve cells it can be used for the visualization
of neuronal activity in the heart and especially in the brain.
In the case of brain imaging, it enables tracing the neuronal
pathways and even displaying the complete cytoarchitec-
ture after systemic dose application by MEMRI in animals.
However, high doses of free manganese cations have neuro-
toxic effects in the brain and may lead to symptoms similar
to Parkinson’s disease. Therefore, MEMRI operates nor-
mally at the lowest mass of contrast agent possible, but
has still not been approved for application in humans. Its
use for bi-modal PET/MR-imaging might be a valuable
evaluation tool, bringing this method closer to human appli-
cation.
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The "Cr(p,xn)-process is a very efficient route for produc-
tion of 2¢Mn (T,, = 5.59 d). Based on measurements of distri-
bution coefficients with different media and ion-exchange
resins, an optimized chromatographic separation of radioman-
ganese from "'Cr with the resin Amberlite CG400 was devel-
oped. Using this system "*Cr is eluted first with an acetic acid/
methanol 1:1 mixture at room temperature and 32¢Mn thereaf-
ter with 3 M HCl at 50 °C. Within a separation time of 4 h the
method yielded 99.5% of the n.c.a. *2Mn in 2-3 mL of 3 M
HCL. An ICP-MS analysis revealed a chromium impurity of
0.07 mg (0.014%) in the final solution. Thus this separation
method provides the purest form of 3?Mn so far.

In search for a new and more facile method for the radi-
ochemical separation of 322Mn from "Cr for future use, e.g.
labelling of T, MRI contrast agents, the measurement of dis-
tribution coefficients proved an indispensable tool to evaluate
the viability of different chromatographic separation systems.
Using an acetic acid/methanol 1:1 mixture on the anion ex-
change resin Amberlite CG400, a nearly quantitative adsorp-
tion of *2®Mn was found, with nearly no adsorption of ™Cr.

CONVERTER TARGET CHEMISTRY — A NEW CHALLENGE TO THE RADIOANALYTICAL

CHEMISTRY
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The next generation RIB facilities plan to use huge volume
of converter target, which will be bombarded by 1.4 GeV
high flux proton beam to convert proton to neutrons. The
emitted neutrons will hit the kilogram amount of fissile
materials to produce radioactive ion beams of at least 100
times enhanced intensity than the current facilities includ-
ing very recently commissioned HIE-ISOLDE at CERN
or SPIRAL2 at GANIL. The proposed converter targets
are liquid Hg or liquid lead bismuth eutectic. Besides the

use of converter target in RIB facilities, they can also be
a huge source of useful radionuclides for the benefit of
mankind, which became more relevant after the Fukusima
incident. Recently an inventory of radionuclides produced
in LBE matrix by the impact of 1.4 GeV proton beam has
been made [1]. The separation of these radionuclides from
manifold scaled up target materials is a challenge to the ra-
dioanalytical chemists. According to reference [2] 2''At will
be produced in very thick LBE target when bombarded
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by 1.4 GeV proton beam through complex nuclear process.
In addition, large amount of radiotoxic polonium radionu-
clide will also be produced in the LBE matrix.

We have simulated above condition using low energy
accelerators. We irradiated 6.5 mg/cm? LBE target by 40
MeV alpha particles for 7.3 h with an average beam current
0.3 mA and total integrated charge of 6266 mC. The irradi-
ation was carried out at Variable Energy Cyclotron Centre,
Kolkata, India. The irradiated matrix was assayed for quan-
titative analysis of various radionuclides produced in the
matrix. In the experimental condition 3.9 MBq 2'°At, 0.2
MBq ?®At along with 0.9 MBq ?*’Po and 0.02 MBq **Po
were produced in the matrix. Afterwards the irradiated
sample was dissolved in 0.1 M HCI. The precipitation
technique was applied with oxalic acid, K,Cr,0,, NH, and
AICI,. It has been found that AICI, is the most efficient agent
for separation of At radionuclides from bulk lead and bis-

244

muth as well as from radiotoxic polonium radionuclides.
When drop wise AICI; was added in ammoniacal condition
to the solution bulk lead and bismuth along with polonium
quantitatively precipitated leaving 98.6% astatine in the su-
pernatant. The developed method is rapid, quantitative and
from the green chemistry point of view it requires no or-
ganic or carcinogenic reagents.
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OPTIMIZATION OF RADIOISOTOPE QUALITY BY BOND RUPTURE
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Apart from yield in radioisotope production, today’s nu-
clear medicine asks for more and more attention for (radi-
ochemical, chemical) purity and high specific radioactivity
[1]. Here, purity applies not only to the direct medical appli-
cation, but also to eventual management of hospital waste:
possible coproduced longer-lived activity that is not dis-
carded before use of the intended radioisotope may not
only seriously affect treatment options, but has also conse-
quences for later procedures and options (legislation) in dis-
posal. Here, the concepts of specific activity, radioactivity
concentration, carrier, carrier-free, and no-carrier-added
have been [2—4] and should be continuously discussed as to
their relevance, clarity, consistency, and to how these radio-
isotope characteristics contribute to radioisotope quality in
nuclear medicine applications.

The presentation addresses these issues, and focuses on
bond rupture processes in radioisotope production. Bond
rupture should be interpreted here as the splitting off of

the intended radioisotope from its chemical and/or radio-
chemical environment, by whatever process, to reach the
intended high quality end-product. Examples are given that
show both the absence of the need for the highest possible
specific activity (e.g. ®?Mo) and the need for “as-near-as-
possible to massless” and of the highest possible radiochem-
ical purity (e.g. ®™Tc, '7"Lu), in all cases in dependence of
the radionuclide’s position in the production and applica-
tion chain and its eventual use in nuclear diagnostics or
— therapy.
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PRESSURE EFFECT
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Actinides show a great diversity in their chemistry due to
the complex structure of 5f electron shells. One of the most
remarkable properties of early actinides is multi valence
which has a very strong influence on their chemical and
physical properties. Uranium owns the valences from II to
VI in solid state, where IV and VI are the most usual and
stable. In spite of the environmental importance and funda-
mental interest, the reports on pentavalent uranium remain
quite rare. The facile methods of pentavalent uranium mate-
rials stabilizing are still of great challenge. Here we present
two methods of U(V) stabilization: by aliovalent substitu-
tion and reactions under extreme conditions.

The first case is a complex system where the oxidation
state of uranium can be rationally altered through incorpo-
ration of cations with different sizes and charges, so called
aliovalent substitution. We can demonstrate that the hexa-
valent uranium (U(VI)) and pentavalent uranium (U(V))
can be stabilized in Ca(UV'O,)W,0,, and [Ln(UYO,)W,0,,]
(Ln = Nd, Sm, Eu, Gd, and YD), respectively. The studied
phases are structurally similar to iriginite, a natural U(VI)
mineral and the Ln cations are the surrogate elements
for trivalent actinides such as Am** and Cm**. The detailed
crystal structures, proposed charge-compensating mecha-

nism and spectroscopic investigations of these compounds
were performed in respect to uranium valence state and lan-
thanide cations influence on U(V) stabilisation within the
framework. We confirmed U(V) stabilization using state of
the art methods such as U M, edge high energy resolution
X-ray absorption near edge structure (HR-XANES). This
study demonstrates a possibility to precisely tune and stabi-
lize U(V) within the complex oxo-phases.

The second case is a U(VI) conversion to U(V) via UO,
transformation into a new modification of U,O; with an
extraordinary high density. We have showed that under very
high pressure and temperature (10GPa/1200 °C), UO, can
be reduced to U,O, within the oxo-borate matrix. The crys-
tal structure of resulting HP (high pressure)-U,O; is dramat-
ically differs from ambient pressure polymorph so called
delta-U,0O;. The structure of HP-U,O; is more related to the
cubic UOQ, than to the layered delta-U,O;. Using state of the
art ab initio methods we reveal the stability ranges of both
ambient and high pressure forms of U,0, and demonstrated
a potential pathway of their behaviour under ambient pres-
sure and air atmosphere. This research is a first look on the
U(V) oxide chemistry under extreme conditions of pressure
and temperature.
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In case of the incorporation of radioactive heavy metal
ions, they would represent a serious health risk to humans
due to their chemo- and/or radiotoxicity. Trivalent actinides
(An(II1)) like Am(IIT) or Cm(IIT) are man-made radioactive
elements exclusively generated in nuclear reactors, whilst
non-radioactive lanthanides (Ln(III)) are naturally occur-
ring elements having wide technological and medical appli-
cations. These heavy metals have a potential risk of intake
into humans with different pathways. Since Ln(IIl) and
An(III) are considered to have no significant essential func-
tion in the human body, little is known about their biochem-
ical behaviour from the uptake, in-vivo transport to the final
accumulation or excretion.

Our recent studies on the speciation of U(VI) and Cm(III)
in body fluids (e.g., saliva) suggested a-amylase as a poten-
tial binding partner of these actinides [1, 2], which would
finally affect the biochemical behaviour of these elements
in-vivo. The enzyme a-amylase is one of the major enzymes
in salivary and pancreatic secretions of mammals and ca-
talyses the hydrolysis of polysaccharides like starch or
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glycogen. In order to further understand the potential role
of a-amylase in the in-vivo speciation and complexation of
Ln(IIT) and An(IIl), we investigated the complexation of
Eu(Ill) and Cm(III) with a-amylase over a wide pH range
by using time-resolved laser-induced fluorescence spectros-
copy (TRLFS). Based on the obtained spectroscopic results,
stability constants were determined at ambient and physio-
logical temperature. The data were further extrapolated to
infinite dilution to make the obtained data compatible with
the existing thermodynamic database. The speciation of
Eu(Ill) and Cm(III) in the saliva studied were determined
based on these new data and will be presented.
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One of the most important requirements in radiochemical
analysis is total digestion of a solid sample before radi-
ochemical separation. It is well known that soil samples
are often considered one of the most difficult matrices to
digest. This is due to the fact that natural radionuclides such
as uranium and thorium are incorporated into the structure
of difficultly soluble minerals — such as zircon, apatite,
titanite, allanite, etc. On the other hand, most authors pre-
sume that the artificial radionuclides such as plutonium
and americium are attached to the surface of the sample

particles. This, however, is probably not strictly correct
due to the growth of mineral particles since the beginning
of the nuclear era. Current techniques for determination of
radionuclides in solid samples can take up to several days
if acid digestion utilizing mineral acids is used to decom-
pose the samples. Alternatively, thermal fusion and micro-
wave digestion are known as a tool to shorten the diges-
tion process. However, in the vast majority of the digestion
methods the solid residue (silicates, zirconium, etc.) re-
mains and is removed prior to the radiochemical separation.
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On the other hand, available results show that a significant
amount of some radionuclides can remain in this solid resi-
due. A digestion method allowing a sample to be loaded on
a separation resin without any residue is therefore of great
interest.

The aim of the present work was a development of a
fast digestion method for various solid samples (soil, sedi-
ments and foodstuffs). This was achieved by employing
thermal fusion utilising Li borate as a fusion agent. Acti-
nides were separated by using different chromatographic

555

separation techniques such as ion exchange and extrac-
tion chromatography. The results obtained showed that no
solid residue remained in the solution after the digestion
process. No filtration was thus needed prior to the loading
of the sample on the resin. When the results obtained
were compared to those obtained by a classical digestion
by mineral acids the activity concentrations of deter-
mined radionuclides were slightly higher. The developed
method was tested by radiochemical analysis of reference
materials.

URANIUM DISSOLUTION IN HYPERALKALINE TMA-OH SOLUTIONS:
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The Supercontainer design is the current reference design
for the geological disposal of spent nuclear fuel in Belgium
[1]. The main characteristic of this design is to provide a
highly alkaline environment. In 2005, a research programme
was started at the Belgian Nuclear Research Centre (SCK+
CEN), supported by ONDRAF/NIRAS, to evaluate the sta-
bility of UO,, as analogue of real spent fuel in such environ-
ment. In a previous work [2], it was demonstrated that the
high pH did not increase the soluble U(IV) concentrations in
the synthetic pore water, but it increased the soluble U(VI)
concentrations due to formation of uranyl-hydroxocom-
plexes. However, we stressed that presence of alkali and/or
alkaline-earth elements, especially Ca** may strongly increase
the U release in solution by U-coprecipitation and/or by
formation of U-colloids, as precursor of Ca- U(VI) phases.
Experiments in tetramethylammonium hydroxide solution
(TMAOH) have been recently initiated to better understand
the processes taking place in cementitious systems.

Leaching experiments were performed at ambient tem-
perature under Ar atmosphere with depleted UO, (pellet
and/or powder) in TMAOH solutions at pH 13.5 and 12.5,
and at different UO, surface area to volume of solution
(SA/V) ratios.

The preliminary results show that we have no indica-
tion of U-colloids in the TMAOH systems (as expected) in

contrast to experiments performed in cementitious waters.
These results suggest that the colloid formation in cemen-
titious systems was presumably promoted by the presence
of Ca. As demonstrated for the cementitious systems, we
found that uranium release in solution was dominated by
U(VI) species for the two TMAOH systems. The uranium
concentrations increased when increasing the pH from
12.5 to 13.5 and by increasing the SA/V ratio up to 100 m™!,
with is considered to be the threshold value (beyond
this SA/V value, the U-concentration did not increase
anymore). Furthermore, it was observed that the UO,
morphology influences the UO, dissolution, i.e. showing
different dissolution behaviour for pellet and powder.
These experimental results were also supported by geo-
chemical calculations performed with Geochemist’s Work-
bench [3].
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The use of laser radiation with tunable wavelength allows
[1-3] selective excitation of actinide/lanthanide species
with subsequent registration of luminescence or chemilumi-
nescence. The practical application of laser spectroscopy to
analysis of different samples is confronted with one essen-
tial difficulty, namely the element to be detected must be
permanently located in the area of interaction with laser ra-
diation. Therefore the use of solutions of the substances to
be analyzed is the most attractive from the practical stand-
point. When the pulse (Ins) UV radiation produced by
nitrogen laser is used for lanthanide and actinide excitation
in solutions the UV radiation is absorbed with different
molecules and as a consequence the background radiation is
increased. Using short laser pulses for excitation of mole-
cules and ions in liquids and time resolution for registra-
tion of luminescence and chemiluminescence produced
by actinide and lanthanide ions we can efficiently separate
target signals from short-lived background luminescence
[1-3]. Selective excitation of detectable molecules can
additionally decrease the intensity of background radiation.
In addition, UV radiation is absorbed with chemilumino-
gen (luminol in our experiments) molecules, which makes
difficult interpretation of the results of chemiluminescence
registration. Therefore, a key problem of chemilumines-
cence application to detection of lanthanides and actinides
in solutions is an increase in the selectivity of detection.
Appropriate selectivity of lanthanide or actinide molecules
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excitation can be reached by initiation of transitions within
41- or Sf-electron shell, which correspond to visible spec-
tral range of absorbed laser radiation. Since the energy of
one-quantum excitation in visible range may be insuffi-
cient for initiation of chemiluminescence it was proposed
to excite lanthanide or actinide ion by multi-quantum ab-
sorption of visible light [1-3]. The scheme [1-3] two step-
one color, i.e. in irradiation of actinide-containing solution
by one laser (two photons absorbed from one laser pulse)
and the scheme two step-two color, when a solution is irra-
diated by two lasers operating at different wavelengths (two
photons absorbed from two synchronized laser pulses) were
used for excitation of actinide ions in the range of 5f elec-
tron transitions.

The details of multi-step excitation of luminescence/
chemiluminescence in solutions are considered. It is shown
that a multi-step scheme of luminescence/chemilumines-
cence excitation increase both the sensitivity and selectiv-
ity of detection of substances.
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The assessment of the production age of a nuclear material
helps to identify its potential origin as well as its intended
use. In plutonium (Pu) bearing samples such age dating
can be performed utilising the o decay of 23%Pu to 2**U. The
ingrowth of the daughter nuclide **U into the original 2*Pu

material can be calculated via the well-established radio-
active decay equations. The daughter-to-parent ratio, i.e.
234J/?38Pu ratio, is referred to as a chronometer which ena-
bles the determination of the elapsed time since the start of
the decay of the original amount of 2*¥Pu [1]. While ICP-MS
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is frequently employed for isotope ratio measurements in
the nuclear domain, high resolution (HR-)ICP-OES is gain-
ing importance in this field [1, 2]. The improved optical
resolution (<5 pm) of HR-ICP-OES instruments allows
to detect the splitting of prominent Pu and U emission
wavelengths into their isotopic contributions. This spectro-
scopic effect, called the isotope shift or isotope split-
ting, provides the potential for isotope ratio measurements
using HR-ICP-OES. In this study the amounts of both 24U
and 2*8Pu will be determined isotope-specifically in various
Pu materials employing HR-ICP-OES. Applying 234U/?>*%Pu
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chronometry, the age of these specimens will be subse-
quently calculated. These ages will be compared to the cor-
responding values that were obtained via sector field ICP-
MS analysis.
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The inordinate tendency of tetravalent plutonium to form
polymeric complexes and colloids has been the focus of in-
terest for many years. Due to the complexity of plutonium
aqueous chemistry, predicting the exact mechanism of
formation of polymers and colloids pose major challenge.
Though colloids in general offer great advantages in various
fields, formation of actinide colloids in aqueous solutions
has to be strictly avoided mainly because, it can play an im-
portant role in the transport of radioactive nuclides in the
environment, loss of Pu in aqueous waste, emulsification in
solvent extraction and it can lead to criticality hazard due
to accumulation of Pu metal. Hence for long term safety
assessments of radioactive waste repositories and to avoid
polymer formation during processing of spent nuclear fuel,
it is very important to know about the size distribution,
relative stability and chemical composition of actinide col-
loids formed in aqueous solutions. Since aquatic colloids
are very delicately balanced systems and sensitive to han-
dling, a non-invasive and in-situ technique can allow the

possibility of characterizing these colloids without disturb-
ing the whole system. Hence light scattering technique was
chosen for the present study to probe the polymerization
reactions of Zr(IV) taken as surrogate for Pu(IV) and acti-
nides such as U(IV), U(VI) and Th(IV) leading to colloid
formation. The onset of colloid formation was observed us-
ing spectroscopic technique such as UV-visible and ATR-
FTIR. Size distribution and molecular weight of the colloi-
dal polymers were determined using dynamic and static
light scattering technique. The second virial coefficient,
a parameter which measures the solute-solvent interac-
tion was also determined and the stability of the colloidal
dispersion was arrived. The results obtained from above
systems, clearly shows that the tetravalent Zr, U and Th be-
haves in similar manner as that of Pu(IV), whereas U(VI)
behaviour is contradictory. The present paper includes a
comparison of the results obtained from the investigation
done on the aqueous systems of Zr(IV), U(1V), U(VI) and
Th(IV).
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The safety of the deep geological disposal of nuclear
waste is intensely studied in laboratory and field experi-
ments focusing on the geochemical behaviour of the acti-
nides. In radionuclide tracer tests at the Grimsel Test Site
(Switzerland) [1], 233U, #"Np, 2**Pu and > Am were injected
in dipoles of a water conducting granodiorite shear zone
fracture in order to investigate the colloid mediated trans-
port and retention of actinides. In the groundwater eluent
fractions, concentrations of actinides above 10 fg/g were
determined with SF-ICPMS. Groundwater samples col-
lected in the tailing of the tracer breakthrough curves, and
bearing actinide levels below the detection limits (DL) of
SF-ICPMS, were investigated with accelerator mass spec-
trometry (AMS). Abundance sensitivities (AS) for 23U,
ZNp and 2*Pu relative to 28U at levels <10~"> and DL of
10* atoms make AMS one of the most sensitive analytical
technique allowing for accurate determinations below
fg/g. Since the ultra-trace analysis of 2’Np and of 2*Am is
limited by the non-availability of pure enough isotopic trac-
ers for mass spectrometry, we have developed a new method
involving the use of non-isotopic tracers. A group separation
of the actinides from the matrix elements was performed
with a FeOH, co-precipitation and the actinide nuclides
were measured sequentially without previous chemical sep-
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aration from each other, exploiting the exceptional AS of
AMS [2]. For a direct comparison of the two employed
analytical methods, AMS was also performed for selected
samples previously analysed by SF-ICPMS. For AMS anal-
ysis, 233U, 2"Np and ?*?Pu were determined by using >*°Pu,
while 2 Am by using ?**Cm as yield tracers. Groundwater
samples were sized according to the expected concentration
of the actinides from 0.1 g to 250 g. The detection of the
injected actinides by AMS down to the levels of ag/g was
successful. However, the use of non-isotopic tracers led
to higher uncertainties in the determination of 2**U, 2"Np
and 2 Am than of 2*2Pu. While the maximum relative uncer-
tainty on the measured values of 2*’Pu, due solely to the
counting error, is of a few percent, the relative uncertainties
for 233U, 2’Np and **Am can reach up to ~30%. Even though
the developed method does not provide the same high preci-
sion of SF-ICPMS, it enables long-term field studies of mul-
tiple actinide tracers at unrivaled low concentration levels.
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Around the world, a common issue faced by the nuclear in-
dustry is decommissioning the aged nuclear facilities due to
the expiration of their operational safety basis. Often times
analytical chemistry operation in such a facility has been/
will be moved into a low hazard category radiological/
nuclear facility. This was driven by the high cost of building
a nuclear facility, also by the fact that many of these chemi-

cal analyses require highly dexterous manipulations of very
minute amount of samples in open-front hood or glovebox-
es with light weight gloves. At the Los Alamos National
Laboratory in USA, the analytical chemistry operation in
the Chemistry Metallurgy Research (CMR) nuclear facility
is undergoing a transition to a new low hazard category Ra-
diological Laboratory Utility Office Building (RLUOB).
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The success of this transition requires chemists to develop
new methodologies to reduce the plutonium sample size for
chemical analysis. ICP-OES/MS are commonly employed
to determine trace impurities in bulk plutonium samples at
Los Alamos. Recently, we have evaluated two types of ma-
jor instrumental modifications for the ICP-OES/MS and
have achieved an average of 10-to-1 reduction in sample
size. This reduced sample is realized through integrating the
ICP instruments with either a novel sample introduction
system or a software amendment, both coupled with a flow
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rate nebulization technology. We have proven that these in-
tegrated ICP systems were capable of analyzing plutonium
metal samples at one-tenth of the original size without com-
promising the measurement sensitivity and the precision.
Moreover, in order for this reduced sample requirement at
the instrument to be realistically beneficial, the upstream
sample process must also be reduced in a similar scale.
Three of such microscale and automated analytical sample
preparation techniques are also under developing at Los
Alamos.

FLUORESCENT RECOGNITION OF URANYL IONS BY A PHOSPHORYLATED
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Chu-Ting Yang, Xiaolin Wang, Sheng Hu

Institute of Nuclear Physics and Chemistry, China Academy of Engineering Physics, Mianyang, Sichuan, 621900, P. R. China

800 -
OH 0-p7” ™~

O, 7\
SPL (10" b &
HO™ "O. _Glu Ser -

M
G/'y)<S Trp N /Pro — ]
er u

Pro/ \Trp \Gly Sty
|
Cyclic peptide B 1004

Host, Th*', lanthanides,
transition metals,
and main group elements

o

/

s 3

Host+U0, \\

The development of new analytical methods for uranium,
materials for its separation, effective antidotes, and more effi-
cient remediation methods for pollution have become the
focus of radiochemistry. Herein, we provide the first case of
fluorescent identification of uranyl ions using a polypeptide.
The cyclic peptide B and uranyl ions formed a 1:1 complex,
and phosphorylated functional groups and pre-organized
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structure are key structural parameters. Cyclic peptide B is
highly selective to uranyl ions (compared with the other com-
petition metal ions such as VO?* and Th*" etc). In addition,
B was successfully used as a fluorescent sensor in the detec-
tion of uranyl ion in river water. The structure of this uranyl-
specific binding polypeptide will hopefully facilitate the fu-
ture design of new materials for the separation of uranyl ion.
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Pillararenes are a new class of macrocyclic compounds for
supramolecular chemistry after cyclodextrins, crown ethers
and calixarenes [1, 2]. We have recently demonstrated the

unique complexation and extraction behaviour of pillar[5]
arenes functionalized with phosphine oxides (PO), diglyco-
lamide (DGA) and CMPO moieties in separation of acti-
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nides and lanthanides [3]. The recognition of metal ions
by these host molecules is the prerequisite for the complex-
ation to occur. Given the importance of thorium element
as uranium resources and as a model of radioactive tetrava-
lent actinides, we report herein a fluorescent probe based
on non-symmetric pillar[5]ararene (NSP) 1 bearing five
triazole-linked 8-oxyquinolines at one rim and five alkyl
chains at the other (Scheme 1). The other ten chelating

groups-substituted pillar[S]arene 2 was also synthesized
as a control. The NSP 1 showed sequential fluorescent
sensing for Th(IV) followed by fluoride ion. The difference
in the ability of Th(IV) recognition between 1 and 2 was
discussed. This work along with our previous reports indi-
cates the great potential of pillararene macrocycles for
design of fluorescent sensors towards actinide/lanthanide
metal cations.

Fig. 1. Chemical structure of pillar[5]arene-based 8-oxyquinolines and its Th*" complex
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Accelerator driven nuclear systems (ADS) using lead-bis-
muth eutectic (LBE) as coolant and spallation target are be-
ing developed in several countries worldwide. Such systems
in principle allow flexible use of nuclear fuel and benefit
from a relatively short life and quantity of their waste prod-
ucts. Specific to the use of LBE is the formation of signifi-
cant quantities of the radiotoxic element polonium in the
primary coolant. For the development and licensing of an
ADS, accurate predictions of polonium release from LBE
as well as properties that determine its migration, especially
in the gas phase, are needed.

In an ADS a variety of conditions may prevail, both in
normal operation and during accidents, for which polonium
release from LBE needs to be quantified. To this aim, knowl-
edge of the thermochemical properties of polonium and its
compounds in a system consisting of liquid LBE in contact
with a gas phase, both containing various impurities, is a
fundamental requirement. However, because of the diffi-
culty of working with macroscopic amounts of polonium,
many traditional methods to determine these thermochemi-
cal properties are out of reach.
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Our methodology therefore relies on experiments in
which the released polonium activity from small LBE sam-
ples doped with trace amounts of polonium is measured.
The results of these experiments are compared with calcu-
lated released quantities based on theoretical estimations of
thermochemical data, obtained for example by extrapola-
tion of properties of the lighter chemical homologues of
polonium, or by quantum chemical calculations.

In this contribution, we present the results of this meth-
odology based on experiments and calculations performed
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mainly in the frame of the MYRRHA ADS project. In case
of the thermal release of polonium from LBE at high tem-
peratures, typically above 600 °C, this approach has led to
a relatively consistent picture of the involved polonium
chemical species and reactions. At lower temperatures,
however, this approach has had only partial success until
now, because of the complexity of the experimentally ob-
served polonium release phenomena and the absence of
accurate thermochemical data.

DISSOLUTION PERFORMANCE OF PLUTONIUM NITRIDE BASED FUEL MATERIALS

Emma Aneheim, Marcus Hedberg

Chemistry and Chemical Engineering, Chalmers University of Technology, Gothenburg SE41296, Sweden

Keywords: dissolution, plutonium zirconium nitride, PuN, (Pu,Zr)N

Nitride fuels have been regarded as one viable fuel option
for Generation IV reactors due to their positive features
compared to oxides. To be able to close the fuel cycle and
follow the Generation IV concept, nitrides must, however,
demonstrate their ability to be reprocessed. This means that
the dissolution performance of actinide based nitrides has
to be thoroughly investigated and assessed. As the zirco-
nium stabilized nitrides show even better potential as fuel
material than does the pure actinide containing nitrides, in-
vestigations on the dissolution behavior of both PuN and
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(Pu,Zr)N has been undertaken. If possible it is desirable to
perform the fuel dissolutions using nitric acid. This, as most
reprocessing strategies using solvent-solvent extraction are
based on a nitride containing aqueous matrix.

(Pu,Zr)N/C microspheres were produced using internal
gelation. The spheres dissolution performance was investi-
gated using nitric acid with and without additions of HF
and Ag(Il). In addition PuN fuel pellets were produced
from powder and their dissolution performance were also
assessed in a nitric acid based setting.

AMERICIUM LOSSES IN PLUTONIUM NITRIDE DURING NITRIDE FABRICATION

AND PELLET SINTERING
Marcus Hedberg, Aneta Sajdova

Department of Chemistry and Chemical Engineering, Chalmers University of Technology, Kemiviagen 4, Sweden, e-mail: marhed@chalmers.se

Keywords: nitride fuel, carbothermal reduction, PuN, AmN

Nitride based materials has been identified as a potential
alternative to traditional oxide based nuclear fuel. Nitride
based nuclear fuel possess several characteristics that
are advantageous compared to the oxide counterparts
such as far higher thermal conductivity while maintaining
high melt temperature and higher fissile material density.
Downsides associated with production of nitrides com-
pared to oxides include having to produce the nitride in
air free environment to avoid oxidation of the nitride
and higher volatility of the nitrides. In this work PuN has

been fabricated from PuO, powder containing small
amounts of 2! Am from 2*'Pu decay by carbothermal reduc-
tion in N, + 5% H, environment. XRD measurements have
been used to characterize and confirm formation of PuN
matrix material. HPGe measurements have been performed
to evaluate the degree of AmN loss by vaporization in the
material during carbothermal reduction and pellet sinter-
ing. Results show that AmN containing PuN pellets can
be sintered up to 1800 °C and still retain AmN in the pellet
matrix.
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RUTHENIUM VOLATILISATION FROM REPROCESSED SPENT NUCLEAR FUEL
—STUDYING THE BASELINE THERMODYNAMICS OF Ru(I1I)
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Spent Fuel Management at Sellafield includes the repro-
cessing of spent nuclear fuel from stations across the UK
and also the reprocessing of spent fuel from overseas cus-
tomers. At Sellafield, methods have been developed for the
processing of high level wastes, including highly active
liquor 10174 (HAL), which is a result of reprocessing irra-
diated nuclear fuel.

This Highly Active (HA) raffinate/waste stream is con-
centrated in evaporators and storage tanks in the Highly
Active Liquor Evaporation & Storage (HALES) facility be-
fore feeding to the Waste Vitrification Plant (WVP). Here,
the resultant HAL feed is calcined and combined with glass
before pouring into containers to produce an immobilised
HA wasteform.

Ruthenium is a fission product possessed of two rela-
tively long lived stable isotopes: Ru-103 (t,, = 39.8 days)
and Ru-106 (t,, = 1 year). Both isotopes form part of the
inventory of HA waste raffinate during reprocessing of
spent fuel. Volatilisation of fission products in nuclear
waste generally occurs at high temperature — apart from
ruthenium where volatilisation occurs at the lower tem-
perature stages of the vitrification process.

Given its volatile nature and high specific radioactivity,
ruthenium presents a strong challenge to the nuclear indus-
try in effectively managing its abatement. Part of the chal-
lenge is to fully understand the highly complex solution
chemistry under conditions relevant to HA waste streams
and associated abatement systems.

Experimental work within the National Nuclear Labora-
tory (NNL), UK has demonstrated that the presence of
oxidising metal ions in HA waste (e.g. Ce(IV)) can en-
hance the volatility of ruthenium through a chemical con-
version of Ru(lll) species to what is assumed to be RuO,.

A better understanding of these species, their electrochemi-
cal processes and reaction kinetics is required to underpin
the empirical evidence gathered to date, in particular to
develop gravimetric, electrochemical and spectroscopic
analytical methods that will improve the understanding of
ruthenium speciation in high nitric acid environments,
establish the kinetics of inter-conversion between rutheni-
um species and establish the mechanism by which metal
ions such as Ce(IV) may oxidise ruthenium.

We have studied the electrochemical behaviour of ru-
thenium and present here the thermodynamics of NO-
complexed and uncomplexed ruthenium. Electrochemical,
spectroscopic and surface analytical methods have been
used to characterise the products of NO-complexed and
uncomplexed Ru(Ill) redox. A surprising methodological
observation is that as-purchased Ru(Ill) in the form of
RuCl, is a mixture of Ru(Ill) and Ru(IV). Subsequently,
a method to electroreduce the mixture to a pure Ru(III)
solution was developed. Complexed RuNO3*solutions
show no sign of any Ru(IV) present, indicating NO stabi-
lises against Ru(IIl) to (IV) oxidation, a conclusion con-
firmed by subsequent electrochemical and microgravi-
metric study of solution phase RuCl; and RuNO?**. These
studies have shown that, in uncomplexed Ru(Ill) sys-
tems, Ru(Ill) oxidation to Ru(IV) occurs prior to any
Ru(VIII) generation. Once Ru(IV) has formed, tetroxide
generation occurs, in both complexed and uncomplexed
systems at 1.2V vs. Ag/AgCl. These results suggest the
Ru(IIl) to (IV) transition is the key precursor process for
volatilisation, implying nitrate complexation plays no
role in promoting volatilisation and volatility of ruthenium
is an intrinsic ruthenium problem coupled with nitric acid
chemistry.
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SPECTROSCOPIC CHARACTERIZATION OF URANYL(VI) AND NATURAL ORGANIC
MATTERS IN GROUNDWATER USING LASER-INDUCED LUMINESCENCE SPECTROSCOPY
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The aim of the present study is to examine the luminescence
characteristics of uranyl(VI) complexes and natural organic
matters (NOMs) in natural granite groundwater using
time-resolved laser fluorescence spectroscopy (TRLFS).
The groundwater used in this study was sampled from a
borehole with a depth of 500 m in a granite bedrock forma-
tion. It was located at KURT (KAERI Underground Re-
search Tunnel) within the KAERI (Korea Atomic Energy
Research Institute) area in Daejeon, Korea. Samples were
taken from six different depths in the borehole where a
multi-packer system was installed. TRLFS was conducted
using two different laser systems. A pulsed nanosecond
Nd:YAG laser at 266 nm (Continuum, Minilite) and a fem-
tosecond laser at 267 nm (Coherent, Vitra and Legend Elite,
frequency mixing of fundamental wavelength of Ti:Sap-
phire laser at 800 nm and its 2nd harmonic wavelength)
were used as the excitation light sources. The laser beam
passed through the sample cell. The luminescence perpen-
dicular to the direction of propagation of the laser beam
was delivered to an inlet slit of the Czerny-tuner-type mon-
ochromator (Horiba Jobin Yvon, iHR320) or spectrograph
(Andor, SR-3031) using an optical fibre bundle. The lumi-
nescence signal was measured using the photo-multiplier
tube (PMT) or ICCD system (Andor, DH-720/18U-03 iStar
720D). In the first step, the quantitative determination of
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uranium in groundwater was performed using a newly
developed analytical technique based on the simultaneous
measurement of the time-resolved luminescence of U(VI)
and Raman scattering of water. In this technique, a calibra-
tion curve was simply obtained by measuring the ratio of
the luminescence intensity of U(VI) to the Raman scattering
intensity of water. The limit of detection of approximately
0.03 mg/L was achieved for the uranium determination.
In the next step, the peak wavelengths and luminescence
lifetime of U(VI) species in groundwater were deter-
mined. These luminescence characteristics were compared
with those of Ca,UO,(CO,),(aq) and UO,(CO,),* species,
which were carefully prepared in a laboratory. Lumines-
cence characteristics of NOMs in groundwater were also
investigated. Several types of luminescence spectra of
NOMs were observed and these spectra were compared
with those of humic acids. The luminescence of NOMs may
interrupt the speciation of U(VI) complexes owing to the
spectral overlap in the luminescence between NOMs and
U(VI) complexes. It was observed that the luminescence
intensities of NOMs were severely weakened through a
photodecomposition effect. We show that the high repeti-
tion rate and high peak power of a femtosecond laser beam
make it possible to accumulate single-shot spectra rapidly
with the elimination of overlapped luminescence of NOMs.

ALPHA SOURCE TERM TREND IN TERMS OF DOSE RATE REDUCTION

IN NUCLEAR POWER PLANT BEZNAU
Irene Mailand, René Hoffmeister

'Dept. Chemistry, RadProt and RadWaste, Nuclear Power Plant Beznau, Switzerland,

e-mails: irene.mailand@axpo.com, rene.hoffmeister@axpo.com

Keywords: alpha radiation, source term trend, dose rate reduction, in-sifu gamma spectrometry, NPP Beznau

The Nuclear Power Plant Beznau consists of two identical
380 MWe PWR units with two loops each, commissioned
in 1969 and 1971. Westinghouse was responsible for the

primary part of the plant and BBC, nowadays ABB for the
secondary part. In the last 25 years the plant has undergone
an extensive modernisation programme in which more than



ORAL PRESENTATIONS — Advances in radiochemistry supporting the nuclear fuel cycle 49

1.5 billion Swiss Francs have been invested. One of the
main measures was the replacement of the steam generators
with Inconel 690 tube material, realized at unit 1 in 1993
and at unit 2 in 1999. In 2015 the reactor vessel head of both
units were replaced, which is another brand new project.

To keep the dose rate at permanently low levels, the min-
imisation of activity build-up on the surfaces of the primary
components is always the main focus of the chemistry and
radiation protection. A large number of measures to de-
crease the dose rates have been realized in the past, which
are connected with permanent improvements of the primary
coolant and shutdown chemistry.

The shutdown chemistry is capable to remove activated
corrosion products as well as iodine and noble gases during
shutdown before opening of the primary system. This pro-
cess is supported by dosing hydrogen peroxide at 80 °C.
The contamination level and the deposited activities have
been measured by in-situ gamma spectrometry at several
locations, like steam generator and main circulation pipe
surfaces.

Besides the measuring of dose rate the knowledge
about the alpha emitters is also of great importance espe-
cially regarding incorporation because of their high radio
toxicity.

To characterize the alpha source term, the knowledge
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of historical fuel cladding defects and transuranic activity
in the crud layers on fuel cladding surfaces are of impor-
tance.

Transuranic nuclides, such as americium, plutonium and
curium are formed in irradiated uranium fuel by neutron
activation and decay predominantly by alpha emission in
the energy range of 4 to 6 MeV.

Most alpha emitters are long lived and will not be re-
moved by decay. They therefore remain in the systems for
a long time. The significance of alpha contamination de-
pends on its relative abundance compared to beta-gamma
contamination. It is therefore convenient to define the term
“activity ratio”. Normally smears are being taken from pri-
mary plant areas and systems, where transuranic nuclides
are most likely to be present and analyzed for beta-gamma
and alpha activity.

One of the most important characterization is the exami-
nation of contamination in crud on fuel elements, or on
components removed from the primary system.

In Beznau NPP CRUD scraping campaigns were per-
formed in 2007, 2010 and 2015 to characterize fuel cladding
deposit (CRUD) and to identify correlations to water chem-
istry parameters. The current presentation presents the re-
sults of shutdown chemistry and CRUD scraping analysis at
Beznau NPP.

NUCLEAR FUEL CYCLE MODELLING USING MESSAGE
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In order to demonstrate the possibilities of application of
MESSAGE tool for modelling of Nuclear Energy System
at a national level, One of the possible open nuclear fuel
cycle options based on thermal reactors has been mod-
elled using MESSAGE. The referenced nuclear fuel cycle
includes 3 types of reactors: light water reactor (LWR),
heavy water reactor (HWR) and advanced light water reac-
tor (ALWR). The steps of the front-end and back-end of

nuclear fuel cycle and nuclear reactor operation were de-
scribed. The model gives an optimal structure for Nuclear
Power Development and optimal schedule for introduc-
ing various reactor technologies and fuel cycle options;
infrastructure facilities, nuclear material flows and wastes,
investments and other costs. Type or copy the abstract here.
Please note that the whole text should fit to this single

page.
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AUTOMATIC MULTI-COLLECTOR TOTAL EVAPORATION MEASUREMENTS WITH ION

COUNTER INITIALISATION
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Multicollector total evaporation measurement of uranium
isotopes is a technique that has been used for many years in
thermal ionisation mass spectrometry (TIMS) to minimize
the loss of sample and remove errors associated with mass
fractionation, in order to increase both measurement accu-
racy and precision.

The traditional total evaporation method uses a small
amount of the sample beam, ~5%, at the start of the meas-
urement, for tuning and peak centring. This can lead to the
preferential loss of the lower isotopes at the start of the
measurement, potentially introducing errors.
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The Nu TIMS utilises the ion counting Daly detector as
part of an automatic total evaporation method to find and
tune the beam before it is measured on the Faraday detec-
tors. Therefore minimising the amount of beam lost at the
beginning of the measurement. Following peak centring,
tuning and turret optimisation using the Daly, the program
then switches the beam onto the Faraday detectors for
multi-collector total evaporation analysis.

The data presented in this poster is an overview of Ura-
nium standards in the 50—100 ng size range that have been
analysed using this fully automatic total evaporation meas-
urement technique.

RECONSTRUCTION OF THE '?1/2¢U INPUT FUNCTION AND ITS APPLICATION
FOR TRANSIENT TRACER STUDIES IN THE NORTH ATLANTIC AND ARCTIC OCEAN
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Recent developments in accelerator mass spectrometry
(AMS) allow the determination of heavy ions with com-
pact, low energy AMS systems at highest sensitivity and at
lowest background levels. This combination makes com-
pact AMS a robust and easy to handle tool for the determi-
nation of ultra-trace amounts of heavy and long lived radio-
nuclides in environmental samples.

The presentation focusses on two long lived radionu-
clides %I (T,, = 15.7 Myr) and 2*°U (T,, = 23.5 Myr) meas-
ured by compact AMS in North Atlantic and Arctic Ocean
waters. These anthropogenic nuclides have been introduced
into the oceans by nuclear fallout from the atmospheric nu-

clear bomb tests. Another, more local source of '*’I and 2°U
are the liquid releases of radionuclides from the two Euro-
pean nuclear reprocessing facilities located in Sellafield
(GB) and La Hague (F). In ocean waters, the two sources
(nuclear fallout and reprocessing) can be easily distin-
guished by their '?°I/U atom ratio. While the '>°I/23¢U ratio
in nuclear fallout is significantly below 1, the releases from
nuclear reprocessing facilities have a much higher ratio.
In addition, our recent reconstruction of the '*°I/36U input
function from nuclear reprocessing indicates that the
129]/238U ratios was steadily increasing since the 1990s from
about 100 to about 400 in recent times. This not only allows
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determining the source of radionuclides in a water mass
in the North Atlantic and Arctic Ocean (global fallout or
reprocessing), the transient character of the '°I/23¢U ratio in
the releases additionally can be used to trace and to date
the labelling of a water mass when it was passing by the
North Sea region.

In this presentation, first, the analytical tool (compact
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AMS) will be briefly discussed, including the most recent
technical developments. Then we will show how the '*1/23¢U
input function for the Northeastern North Atlantic Ocean
was reconstructed based on the systematics found in the
isotopic signatures of the releases from La Hague. Finally
the /36U input function will be used to determine transit
times of Atlantic water masses in the Arctic Ocean.

DETERMINATION OF RADIUM 226 IN GROUNDWATER BY SF-ICP-MS:
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Ra-226 detection in groundwater samples by SF-ICP-MS
has been investigated for precise estimation, as required by
time series analysis, applying a modified [Lariviere et al.,
Analytica Chimica Acta (2005) 2:528] method, to which
pre-concentration was added. The separation and pre-con-
centration protocol, consisting of a sequential application of
ion exchange and extraction chromatography, was opti-
mized, assessing related polyatomic interferences and ma-
trix effects affecting signal on Ra-226 peak window and
achieving, on 12 replicates, a Ra-226 recovery efficiency of
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(100£3)% on waters spiking at 22 fgg~! Ra-226. The instru-
mental detection limit was 0,089 fgg!, considering a 3 cri-
terion, with an absolute detection limit of 0.0489 fg equiv-
alent to 1.95*% 107" gmL~" on a 25 mL liquid sample [Copia
et al., Journal of Analytical Science and Technology (2015)
6:22]. This method was applied on nine groundwater sam-
ples, collected from three different sampling sites inside the
Gran Sasso aquifer (central Italy), in order to assess meas-
urement uncertainties and to evaluate the applicability to
measurement surveys.

ULTRA-SENSITIVE ANALYSIS OF ACTINIDES USING COMPACT ACCELERATOR MASS
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Ultra-trace analysis of actinide isotopes is often required
in a number of important applications, including radio-
bioassay, nuclear forensics, environmental radiochemistry

research, biological tracer studies, and geochronology.
However, many radiometric and non-radiometric methods
currently available for the determination of actinides in
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low-level environmental and biological samples are tedi-
ous, very time consuming and/or not sufficiently sensitive
to meet the growing analytical demands. Accelerator mass
spectrometry (AMS) is an extremely sensitive technique for
the analysis of intermediate- and long-lived radionuclides.
As a result of its high rejection of molecular isobaric inter-
ferences and low susceptibility to adverse matrix effects,
the AMS technique (particularly compact AMS) allows for
simplification of the sample preparation chemistry with a
good potential for high sample analysis throughput and
reduced cost for ultra-low level radioassays. This is of par-
ticular interest for extremely low-level analysis of actinide
signature (especially Pu, Am, Cm and Cf isotopes) in
bioassay and nuclear forensic samples, where other mass
spectrometric (e.g., inductively coupled mass spectrometry
(ICP-MS) and thermal ionization mass spectrometry
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(TIMS)) and radiometric techniques (e.g., alpha spectrome-
try) may not be adequate to meet analytical sensitivity or
throughput requirements.

Over the past decade, compact AMS system has been
dramatically improved and has become the most sensitive
and robust tool for actinide analysis. Our recent works have
demonstrated the feasibility of compact AMS for the analy-
sis of actinides (e.g., Pu, Np, Am, Cm and Cf) at fg/L levels
or less in large-volume urine samples using low energy
Tandy system at ETH Zurich. With the improvements on
both instrumentation and target preparation chemistry, com-
pact AMS has surpassed large conventional AMS systems
and become the most cost effective tool for ultra-low level
detection of actinides down to attogram range. This would
open the door for new radiobioassay, forensic and environ-
mental applications.

RESONANCE IONIZATION MASS SPECTROMETRY FOR ACTINIDE ISOTOPE
MEASUREMENTS: MODELING AND SIMULATIONS
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The accurate measurement of actinide isotope ratios is
critical for assessing the production, processing and irradi-
ation history of nuclear materials. Resonance Ionization
Mass Spectrometry (RIMS) is a technique that enables rap-
id, isobar — free quantification of actinide isotope ratios.
RIMS is predicated upon the utilization of a laser resonant
scheme to solely ionize ground state neutral atoms of a
specific element. The presence of isobaric interferences,
typically inherent to multicomponent actinide material, is
therefore eliminated in situ during RIMS analysis. Mode-
ling and simulation capabilities have been developed to
identify and optimize the experimental conditions for the
RIMS analysis of actinides. Measurements require rela-
tively high useful yields and, more importantly, the ability
to accurately quantify low abundance isotopes. We first
present results demonstrating close agreement between a
simulated actinide spectrum and one obtained through ex-
periments. The effect of different laser ionization volumes
on the useful yield and dynamic range are then explored.

We present data indicating that smaller ionization volumes,
while slightly reducing the useful yield, significantly increase
the dynamic range of the measurements by eliminating the
peak tailings associated with larger ionization volumes. Spe-
cifically, we show that by modifying the ionization geometry
from a 1.5 mm diameter cylinder to a 1.5 mm diameter sphere
we reduce the useful yield by a factor of 1.4 while increasing
the dynamic range by three orders of magnitude.

This work was supported by the US Department of
Homeland Security, Domestic Nuclear Detection Office, under
competitively awarded contract/IAA HSHQDC-12-X-00061
and by the Laboratory Directed Research and Development
Program at LLNL under project tracking code 14-ER-082.
This support does not constitute an express or implied en-
dorsement on the part of the Government.

This work performed under the auspices of the U.S.
Department of Energy by Lawrence Livermore National
Laboratory under Contract DE-AC52-07NA27344. LLNL-
ABS-678547.



ORAL PRESENTATIONS — Mass spectometry

53

86

PLUTONIUM IN ATMOSPHERIC ENVIRONMENT
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Plutonium and its isotopes in the environment are con-
cerned by public because of its chemical and radiologi-
cal toxicity and fissile material. Researchers in the fields of
atmospheric chemistry, chemical oceanography and others
have been interesting in plutonium isotopes (***Pu, 2*Pu,
24Py, 24'Pu) in the environment as a unique transient tracer
of atmospheric, oceanic, terrestrial and biogeochemical pro-
cesses. Since explosions of the New Mexico and Nagasaki
atomic bombs in 1945, global environment has contami-
nated with plutonium as a result of atmospheric nuclear
weapons tests, satellite accidents and nuclear reactor acci-
dents. Especially, large quantities of plutonium were re-
leased during atmospheric tests of nuclear weapons con-
ducted by USA and former Soviet Union mainly during
the 1950s and early 1960s. Atmospheric behaviour of pluto-
nium has been frequently studied during the past 50 years.
As a result, during the large-scale nuclear weapons tests of
hydrogen bombs, radioactive debris including plutonium
reached the stratosphere, which became then the main reser-
voir of plutonium. The stratospheric plutonium was trans-
ported into troposphere as an apparent stratospheric resi-
dence time of 1-2 years due to exchange processes between
the stratosphere and the troposphere [1]. Although the strat-
ospheric plutonium decreased to negligible level after 1990,
plutonium has been detected in dust and deposition samples
collected in Japan, Europe and US, in which current levels
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of 2% 24Py are 0.1-10 nBq m, 0.05-10 mBq m2Mon™! for
surface airborne dust and deposition, respectively. Sources
of the atmospheric plutonium since 1990 are considered to
be resuspension of deposited plutonium, including pluto-
nium-bearing soil particles blew up by storms [2] and large-
scale biomass burning.

Plutonium in environmental samples has been measured
by alpha spectrometry. Recent development of mass spec-
trometric measurements such as ICP-MS, AMS and others
allows us to determine 2*°Pu/?*Pu and 2*'Pu/?*°Pu atom ra-
tios in the environmental samples [3], which depend on
scale of nuclear explosion and sources such as nuclear reac-
tor accident. As results of measurement of archived sam-
ples, we have new knowledge about long-term variation of
240Pu/?3°Pu atom ratios in the atmospheric samples (deposi-
tion and dust). This knowledge is important to have better
understanding of terrestrial and oceanic processes of pluto-
nium.
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Radionuclides are conventionally measured by detecting
their characteristic radiation using alpha spectrometry, beta
counting including liquid scintillation counting and gamma
spectrometry depending on their decay modes, these meth-
ods are high sensitive for short half-lived radionuclides.

Mass spectrometry, typically used to measure isotopes of
elements, can be also used for measurement of radionu-
clides. In these methods, the atoms of the radionuclide of
interest are directly measured. Therefore, mass spectrome-
try methods are normally sensitive for the measurement of
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long-lived radionuclides. Among various inorganic mass
spectrometric methods, inductively coupled plasma mass
spectrometry (ICP-MS) and accelerator mass spectrometry
(AMS) are two most popular used mass spectrometry tech-
niques for the measurement of radionuclides, especially
long-lived radionuclides. With the improvement of ICP-MS
technique and more instruments to be installed, the applica-
tion of this technique is becoming more popular tool for
measurement of radionuclides. By hyphenation with auto-
mated separation system, ICP-MS will play a critical role in
rapid determination of radionuclide for emergency analysis.

232

AMS is the most sensitive analytical technique for many
long-lived radionuclides, the new development of this tech-
niques, especially the miniaturization of AMS system sig-
nificantly reduce the cost of instrument as well as mainte-
nance and operation, this stimulated and enhanced the
application of this technique in the environmental researches.
This work present the application of ICP-MS and AMS in
the measurement of most important radionuclides, such as
PTe, 121, 133Cs, 20U, 23’Np, 2*°Pu, 24°Pu, especially the new
progress in the analytical methods of these radionuclides
for environmental researches.

FUKUSHIMA-DERIVED RADIOCESIUM IN THE WESTERN NORTH PACIFIC IN 2014
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Accident of Fukushima-Dai-ichi Nuclear Power Plant on
11 March 2011 resulted in a large amount release of radi-
ocesium into the North Pacific Ocean. Since just after the
accident, the Government of Japan, Tokyo Electric Power
Co., and lots of oceanographers from countries of the North
Pacific Rim have been measured concentration of dis-
solved radiocesium in seawater. They found that along sur-
face currents between 40°N and 50°N approximately the
released radiocesium had been transported eastward and
reached the west coast of the North American Continent
by April 2015. On the other hand, some of it were conveyed
southward due to subduction of the subtropical mode water
(STMW). Maximum of radiocesium concentration in sub-
surface layer (200400 m depth), which is derived from
the subduction of STMW, should be spreading in the sub-
tropical area of the western North Pacific during the past
four years. However, behaviour of the subsurface maximum
is still unknown. We collected seawater samples from sur-
face to about 800 m depth at 14 stations between 15°N and

41°N in the western North Pacific in 2014 and revealed ver-
tical profiles of Fukushima-derived radiocesium at each
station. At a station (34°N/148°E) in the just south of the
Kuroshio Extension, where STMW was formed just after
the accident, activity concentration of '*’Cs in the subsur-
face layer has been decreasing; about 50 Bg/m?* in October
2011, 20 Bg/m? in January 2012, 10 Bg/m? in November
2012, and 5 Bg/m? in July 2014. At a station (30°N/148°E)
located about 400 km directly south of the above station,
the subsurface activity concentration increased from about
8 Bg/m? in January 2012 to 15 Bg/m?® in November 2012.
Then it has fallen to about 5 Bq/m? by July 2014. At a sta-
tion (22°N/165°E) further south, the activity concentration
in the subsurface layer rose from about 2 to 5 Bg/m? be-
tween June 2012 and December 2014. These temporal
changes in the activity concentration of '7Cs suggest that
Fukushima-derived radiocesium has been spreading south-
ward through the subsurface layer along circulation of
STMW in the subtropical area.
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THE APPLICATION OF MASS SPECTROMETRIC TECHNIQUE FOR ANALYZING PLUTONIUM
ISOTOPES IN THE ENVIRONMENTAL SAMPLES INCLUDING FOOD STUFFS

Sang-Han Lee
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The 2**Pu and *°Pu are important isotopes because of their
long half-lives, high abundance and their radiological tox-
icity and the atom ratio of 24°Pu/?*°Pu has been known as a
powerful tool to identify its sources. Since the Fukushima
Daiichi Nuclear Power Plant’s disaster in Japan on March
11, 2011, public’s concerns regarding of radiological haz-
ards in the environment and in the foods have been grow-
ing with a fear of the use of nuclear power plants (NPPs)
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in Korea. Therefore, it is very important to monitor the arti-
ficial radionuclide around the NPP as well as the non-NPP
sites to assess the radiological contamination.

For this purpose, the environmental samples and food
stuffs were collected near the NPPs and the non-NPPs in
Korea and analyzed the plutonium isotopes using a radi-
ometric (alpha spectrometry) and non-radiometric (ICP-MS)
method. All results will be informed in detailed later on.

MASS SPECTROMETRY TECHNIQUES FOR TRACER STUDIES OF ENVIRONMENTAL

PROCESSES

Galina Lujaniené

SRI Center for Physical Sciences and Technology, Vilnius, Lithuania

Keywords: AMS, ICPMS, C, 23 24Pu, tracer studies

Recent developments in analytical techniques of long-
lived radionuclides, mainly in accelerator mass spectrome-
try (AMS) and inductively coupled plasma mass spectrom-
etry (ICPMS), have enabled to apply radioactive isotopes
introduced into the environment after nuclear weapon tests,
as well as released during accidents in tracer environmen-
tal studies. These ultra-sensitive techniques are especially
useful for studies based on the compound specific analyses
which require measurements at ultra-low levels.

Concentrations of radionuclides as well as characteristic
Pu activity and atom ratios in the atmosphere, soil, suspend-
ed particulate matter and bottom sediments were measured
using gamma- and alfa-spectrometry, ICPMS and AMS,
while 8*C and 8'°N by a Thermo Scientific Delta V Advan-
tage mass spectrometer (Thermo Finnigan Delta plus).
Analyses of airborne radioactive aerosols were carried out
in daily samples collected in Vilnius (1993-2011), as well
as in 10-day samples at the background station in Preila
(on the Baltic Sea shore, Lithuania) [1-3]. 13’Cs, 2! Am and
Pu isotopes were also analyzed in soil, secawater, sedi-
ments and suspended particulate matter samples collected in
the Baltic Sea and the Curonian Lagoon during 1997-2014
[4, 5]. Speciation studies were performed for better under-
standing the behaviour of radionuclides in the environ-
ment. Pu redox speciation was studied in laboratory experi-
ments [6].

Pu isotopes, A*C and 6'3C of total organic carbon as well
as lipid and phospholipids (PL) fractions of the sediments

were applied to study the sources of pollutants including
chemical warfare agents (CWA) [7]. The compound-specific
d"3C analysis, PL-derived fatty acid biomarkers and an end-
member mixing model were used to estimate a relative
contribution of the marine, terrestrial and fossil, petroleum
hydrocarbon sources to organic carbon in the sediments,
to assess a possible effect of petroleum hydrocarbon con-
tamination on radiocarbon signatures and to elucidate a pos-
sible leakage of CWA at the Gotland Deep dumpsite [8].
Application of radioactive (14C, 134137Cs, 238239.240py_ 241 Am,
"Be, Th, Pb, etc.) and stable (C, N) isotopes as well as their
activity and isotope ratios in tracer studies will be dis-
cussed. The special emphasis will be given to the physical
and chemical characteristics of the tracers.
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Natural clay has been often used to protect the environment
from a harmful impact of radionuclides released from a re-
pository of radioactive waste. Retardation of radionuclides
is rather complicated in the heterogeneous natural minerals
and can be affected by various factors, e.g. type of mineral,
pH and redox potential. Recent studies have shown that var-
ious microorganisms found in nature may also result in
changes of the Pu oxidation state.

The main aim of this study was to estimate the effect of
various components naturally present in the clay minerals
on sorption of Cs(I), Pu(IV), Pu(V) and Am(III) as well as
their impact on the Pu oxidation state distribution. Three
well characterized samples of Triassic clay with different
amounts and composition of iron minerals were used in
sorption experiments. In addition, sorption experiments
were performed with fungi (7Trichoderma sp. M-1, Penicil-
lium sp.14 M and Penicillium chrysogenum 21RM) and
bacterium (Bacillus sp. 2mH, Bacillus sp. 3bm, Bacillus sp.
6br) isolated from groundwater and the Triassic clay.

The composition of clay mineral coatings and their
leaching during the SE procedures were studied using the
Maossbauer spectroscopy and X-ray diffraction. Pu (IV),
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(V) or (VI) was added to achieve their initial concentration
of 3x107 mol-L-! in 0.154 mol/L NaCl. Solids and biomass
were separated by centrifugation at 6000xg after desired
time. Pu activity concentrations were measured by alpha
spectrometry. The oxidation state distribution analysis was
performed using thenoyltrifluoroacetone (TTA), bis(2-ethyl-
hexyl) hydrogen phosphate (HEDHP) and 1,3-diphenyl-
1,3-propanedione (DBM) solvent extraction and Pu(Ill, 1V),
Pu(V), Pu(VI), Pu(IV) and Pu(IV polymeric) were separat-
ed. Ultrafiltration and alpha spectrometry as well as ICP-
MS were employed to characterize the oxidation states of
the formed plutonium species.

It was found that in spite of the Pu(V) fast reduction the
Pu speciation in the clay coatings was determined to be dif-
ferent in comparison with that of the Pu(IV) experiments.
Pu was associated with exchangeable and carbonate frac-
tions indicating its possible higher mobility in the environ-
ment. The maximum of Pu biosorption to bacterium and
fungi was observed at pH of ~7 and 4, respectively. In the
liquid-phase (LP) the plutonium oxidation state distribu-
tion was found to be as follows: Pu(IV) — 36%, Pu(IV-poly-
meric) — 58%, Pu(V) — 2% and Pu(VI) — 4%.

ADVANCES OF THERMAL IONIZATION CAVITY SOURCES FOR MASS SPECTROMETRY
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Thermal ionization cavity (TIC) sources are known to pro-
vide higher ionization efficiencies than conventional fila-
ment sources used in thermal ionization mass spectrometry
(TIMS), e.g. [1]. This is because evaporating sample atoms
can have multiple contacts with the hot inner surfaces of

the cavity rather than being lost in the vacuum chamber of
the ion source as is the case for sample atoms evaporating
from a conventional TIMS filament. Each surface contact
provides another possibility to be thermally ionized with
a probability calculated via the Saha-Langmuir equation.
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Contrary to the prevailing interpretation of the relevant
physical processes inside a hot cavity (T>500 K), which
includes the presence of a non-thermal-equilibrium plasma
in the volume of the cavity, we suggest that at lower temper-
atures and cavity volumes no plasma is developed, and sam-
ple ions can fly freely through the volume of the cavity only
interacting at a macroscopic scale via the extracting electric
potential, which is shaped by the space charge of ions and
thermally emitted electrons. As a result, the geometry of the
cavity becomes relevant for the ionization efficiency of the
source.

We have developed a unique simulation code that
allows numerical determination of the ionization efficien-
cy of a cavity by simulating the trajectories of ions, elec-
trons, and neutral atoms — including their space charge —
and surface adsorption/re-emission processes within the
cavity. The code has been successfully tested against
problem sets with analytical solutions and by reproduc-
ing experimentally determined TIC ionization efficien-
cies.
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With the help of the simulation code a new cavity geom-
etry has been identified, which can have more than 100
times higher ionization efficiency than predicted by the
Saha-Langmuir equation. This would be about ten times
more than the reported ionization efficiencies achieved with
tube geometry cavities, which themselves are about ten
times higher than the ionization efficiencies measured with
conventional filament sources, e.g. [2].

The code also offers an explanation why the tube geom-
etry cavities are particularly suited to efficiently ionize par-
ticle type samples, for example dust particles or elements
adsorbed to ion exchange resin beads, e.g. [3] and refer-
ences therein.
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Used nuclear fuel (SNF) contains almost one-third of
the periodic table. A selective separation of the long-lived
actinides (An) from the fission products of intermediate
life-time (*°Sr, ¥7Cs, *Tc, and *'1), and the relatively short-
er lived lanthanides (Ln) reduces both the amount and
radiotoxicity of the waste. Nonetheless, a fundamental un-
derstanding of the thermodynamic properties of complex
formation and speciation in solvent extraction systems
is needed for the development of advanced spent nuclear
fuel reprocessing systems. In this work, methods have been
developed using electrospray ionization — mass spectrom-
etry (ESI-MS) to characterize the speciation of U and Pu
with tributyl phosphate (TBP) and dibutyl phosphate
(DBP) as would be found in the PUREX process. The polar-

ity of the ionization source was altered to observe both
positive and negative gas phase ions. U and Pu complexed
to TBP resulted in complexes that could be observed as
positive ions, but no negative ion species were observed.
In contract, U and Pu complexed to DBP could be ob-
served as both positive and negative ions. Using the relative
abundance of ions observed in the gas phase, apparent
stability constants were calculated to enable comparison
of the gas phase species to known solution species. The
protocols developed in these studies help determine funda-
mental actinide complexation chemistry in solvent extrac-
tion systems, and demonstrate the potential of ESI-MS
for process control monitoring in spent nuclear fuel re-
processing facilities.
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Recent developments in low and high-energy mass spec-
trometry (mainly associated with ICPMS — Inductively
Coupled Plasma Mass Spectrometry, and TIMS — Thermal
Ionization Mass Spectrometry), and in high energy mass
spectrometry (AMS — Accelerator Mass Spectrometry) have
made them dominant techniques for analysis of long-lived
radioisotopes (e.g. 10Be, 14C, 36Cl, 41Ca, 53Mn, 99Tc,
1291, uranium and plutonium isotopes) in various types
of samples from meteorites to deep ocean seawater. In the
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radiometrics sector the most important development has
been associated with underground operation of large vol-
ume HPGe detectors, which have been dominating analy-
ses of short and medium-lived radioisotopes emitting
gamma-rays. Applications of these analytical methods in
isotope oceanography will be discussed, specifically for
studying transport of water masses, and for investigations
of processes in the water column.

RESONANCE IONIZATION MASS SPECTROMETRY FOR ACTINIDES: PLUTONIUM ANALYSIS
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Actinide isotope ratios hold important information in the
forensic analysis of solid materials such as nuclear fuel
and interdicted samples. Resonance Ionization Mass Spec-
trometry (RIMS) uses tunable lasers to selectively ionize
specific elements such as uranium and plutonium prior to
mass analysis, and holds the promise of rapid, isobar-free
quantification of actinide isotope ratios. The challenges to
routine measurements include laser-induced isotopic frac-
tionation (i.e. the preferential ionization of one isotope
over another) and the strong tendency of actinides, par-
ticularly uranium, to vaporize from solids as oxide mole-
cules or in low-lying excited states, both of which are trans-
parent to the resonance lasers used to ionize ground state
neutral atoms that are essential for accurate, precise RIMS
analysis. We discuss various sources of spectroscopic frac-
tionation, such as isotope shifts and hyperfine splitting, and
present strategies for mitigating them. We present recent

progress in measuring actinide isotope ratios directly in
solids with minimal sample consumption and no or mini-
mum sample preparation. In addition, we present first data
from a new RIMS facility at Lawrence Livermore National
Laboratory, and discuss ion optical simulations performed
to improve instrument design and performance.

This work performed under the auspices of the U.S.
Department of Energy by Lawrence Livermore National
Laboratory under Contract DE-AC52-07NA27344. This
work was supported by the US Department of Homeland
Security, Domestic Nuclear Detection Office, under com-
petitively awarded contract/IAA HSHQDC-12-X-00061
and by the Laboratory Directed Research and Development
Program at LLNL under project tracking code 14-ER-082.
This support does not constitute an express or implied en-
dorsement on the part of the Government.
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Iodine is an important biophilic element, and enriched in
human thyroid via the food chains. Environmental '*I, as
the only long-lived isotope (t,,=1.57%107 years), is mainly
originated from anthropogenic nuclear activities, and the
129]/127] ratio in the terrestrial organisms was significantly
increased since 1940s. It is important to investigate trans-
fer of radioactive iodine in ecosystem, variation of vege-
tation and animal samples need to be analysis and to evalu-
ate the radiological impact of radioactive iodine to the
environment and population due to nuclear activities. This
requires analysing various environmental and biologi-
cal samples radioactive isotopes of iodine including '*°1.
Among all possible measurement methods, accelerator
mass spectrometry (AMS) is the most sensitive method,
and only method for determination '*I in low level envi-
ronmental samples. Many methods for determination of '*°1
in soil, sediment and water samples have been reported.
While, the method on determination of '*°I in biological
samples such as vegetation and animal tissues are not well
established.

This work aims to develop an effective method for sepa-
ration of iodine from large size of vegetation samples for
AMS measurement of '*I in low level biological samples.

Based on volatility of iodine at high temperature, com-
bustion method using a tube furnace was investigated. Due
to the complexity of plant constituents and high organic
content, it is critical to burn the sample at a suitable temper-
ature to prevent producing a large amount gas in a short time

Neutron activation analysis
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and explosion. The results showed that the ignition temper-
ature of most vegetation ranges 220-300 °C. The speed of
temperature increase is another key parameter to prevent
the rapid burn of sample causing an incompletely combus-
tion, the experimental results showed that at least three
hours is needed to ensure a smooth burning of the biologi-
cal samples. In addition, combustion at a high temperature
up to 800 °C and for relative longer combustion time up
to 3 hours are needed to completely release iodine from
sample. In optimal condition, a recovery of more than 80%
for iodine was measured in this step using '>I tracer. The
effect of the type of trap solution was also investigated, and
found that NaHSO; in trap solution does not significantly
affect the recovery of iodine, and the optimal concentration
of alkali solution is 0.2 mol/L. Iodine in the trap solution is
further purified using solvent extraction and prepared as
Agl for AMS measurement. Based on this investigation,
a method for determination of '*°I in different vegetation
samples such as lichens, pine needles, grass and, spinach
has been established. The overall recoveries of iodine in
whole procedure range from 75%-90%. The procedure
blanks was also prepared and measured to be (1-2)x10-13,
this is more than 2 orders of magnitude lower than the pres-
ent environmental level. Compared to alkaline ashing method
reported in literature, the developed method is simple, fast,
high in chemical recovery and less cross-contamination.
This method has been successfully applied to analyse more
than 100 vegetation samples collected in north China.

DELAYED NEUTRON ACTIVATION ANALYSIS AT ANSTO
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ANSTO Minerals, New Illawarra Road, Lucas Heights NSW 2234, Australia, e-mails: mellodee.anvia@ansto.gov.au, susan.brown@ansto.gov.au

Keywords: DNAA, neutron, uranium, activation, nuclear, reactor

Activation analysis techniques including neutron activation
analysis (NAA) and delayed neutron activation analysis
(DNAA) are sensitive techniques which allow the rapid de-

termination of several elements, including uranium and tho-
rium, down to trace levels. ANSTO Minerals is an interna-
tional mining consultancy within ANSTO, which provides
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expertise to mining companies on a range of areas including
rare earth elements, critical metals and uranium ore process-
ing, and on the removal of radioactivity from ores. ANSTO
has dedicated NAA and DNAA facilities at the OPAL
(Open Pool Australian Lightwater) nuclear research reac-
tor. DNAA is regularly employed by ANSTO Minerals for
the quantification of uranium concentrations in a wide vari-
ety of sample types from the copper, uranium, rare earth and
other metals processing industries. In most cases, DNAA is
a highly accurate means of measuring uranium concentra-
tions in solids, and is often also a superior alternative to
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quantification by XRF analysis or fusion digest/ICP. How-
ever, the presence of some elements in a sample matrix,
such as the rare earth elements, may compromise DNAA
results. Here, the application of DNAA to a wide variety of
sample matrices from the mining and minerals processing
industries will be presented, and the limitations of the tech-
nique for the analysis of various sample types will be dis-
cussed. The application and/or development of correction
methods at ANSTO Minerals to samples containing signifi-
cant elemental interferences and high natural uranium con-
centrations will also be presented.

INSTRUMENTAL NEUTRON ACTIVATION ANALYSIS APPLIED TO ICE CORES

Giovanni Baccolo® 23, Massimiliano Clemenza’ *, Barbara Delmonte?, Massimiliano Nastasi®*, Ezio Previtali®*,

Valter Maggi?3

'Department of Earth Sciences, University of Siena, Siena, Italy

*Department of Environmental Sciences, University of Milano-Bicocca, Milano, Italy

SINFN section of Milano-Bicocca, Milano, Italy
“Physics Department, University of Milano-Bicocca, Milano, Italy
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Ice cores are considered one of the most important natu-
ral archives for the reconstruction of the climate. The analy-
sis of the chemical and physical properties of the ice strata
and of its content allowed to reconstruct the atmospheric
history of the last 800,000 years. From the analytical point
of view the development of protocols and methods dedi-
cated to such samples, characterized by very low concen-
trations and reduced availability, lead to extreme analyti-
cal performances. We report here the development and
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the application of a new method based on instrumental
neutron activation analysis for the elemental characteriza-
tion of the atmospheric mineral dust entrapped in polar
and non-polar ice cores. The possibility to obtain an accu-
rate and complete geochemical fingerprint of the material
deposited at these remote sites in different climatic periods
give us the possibility to identify and to highlight new and
unexpected climatic and environmental processes.

ELEMENTAL ANALYSIS OF INFANT FORMULAS BY INAA AND ICP-MS. COMPARISON
OF ESTIMATED INTAKES WITH THE SAFETY LIMITS FOR TRACE ELEMENTS

Ewelina Chajduk*®, Marta Pyszynska, Halina Polkowska-Motrenko
Institute of Nuclear Chemistry and Technology, Dorodna 16, 03-195 Warsaw, Poland, *e-mail: e.chajduk@jichtj.waw.pl

Keywords: elemental content, infant formulas, NAA, ICP-MS

During infancy, a period of rapid growth, nutrient require-
ments per pound of body weight are proportionally higher
than at any other time in the life cycle. Breast milk is recom-
mended as an only source of infant nutrition for the first
months of life. However, data show that only 3% of Euro-
pean babies are entirely breast fed. Therefore, milk-based
formulas and/or milk substitutes have to be used then it is
difficult to bring up an infant on mother’s milk. A number

of commercial infant ready to feed infant food are availa-
ble, intended for the infants aged 0—6 months. Depending
on producers of the infant formula and food, data concern-
ing selected essential elements concentration is given. Most
essential trace elements in infant formula have received
very little attention.

Neutron activation analysis (NAA) and inductively cou-
pled plasma mass spectrometry (ICP-MS) has become a
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mainstay of biochemical trace elements research due to
their several important advantages. One of them is a detec-
tion limit — both have been shown to be applicable to the
analysis of many elements at sub-picogram amounts. In
the case of INAA, the another advantage is freedom from
analytical blank and other problems related to sample dis-
solution.

The aim of this study was the critical evaluation of ana-
lytical performance of ICP-MS and INAA for the determi-
nation of selected elements in infant formulas. The comple-
mentary use of NAA and ICP -MS to study the elemental
composition of the food samples, allows to obtain reliable
and richer analytical information. In the case of As, Fe
and Se determinations, definitive methods based on radi-
ochemical NAA, as the methods of the highest metrological
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quality, have been used to check the accuracy of obtained
results.

The daily intake of selected elements in the age 0-6
months for non-breast fed infants was estimated and com-
pared with present safety limits. The current study provides
a broad overview of the intake of essential non-essential
trace elements in commercially available baby foods, and
can be useful for further studies in health risk assessments.
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Neutron activation analysis is usually considered as rela-
tively free of matrix effects but for materials containing
strong neutron absorbers the measurements are often sub-
ject to significant neutron self-shielding, which should be
corrected using an appropriate model. The problem is di-
vided into thermal and epithermal neutron self-shielding.
Thermal neutron self-shielding was considered simpler
and, since the 1950s, models based on the capture and scat-
tering cross-sections have been developed and put into use
in many laboratories to calculate the thermal neutron self-
shielding correction factors for samples of different shapes,
sizes and chemical composition. In 2012 it was pointed out
that five thermal neutron self-shielding correction routines
in common use gave widely differing self-shielding factors
for the same sample. All the models had neglected the effect
of neutrons reflecting back into the sample from surround-
ing materials; further investigation is needed.

The capture of epithermal neutrons has always appeared
more complicated since each nuclide has its own pattern of
resonances. The only resonance self-shielding calculations
were the deterministic and Monte-Carlo calculations carried
out for reactor development and these were not available to
the NAA community. The only means of obtaining reliable
epithermal neutron self-shielding factors was to measure
them for specific cases, such as by irradiating stacks of foils.
With time the Monte-Carlo calculations improved and were

useful for developing physical models. A breakthrough oc-
curred in 2003 when Salgado discovered that the curves of
epithermal neutron self-shielding factor vs amount of ele-
ment were the same for all nuclides, just as for thermal neu-
trons, making possible the development of a model with
only one parameter for each nuclide. Chilian developed
this for NAA, determining the epithermal neutron absorp-
tion cross-sections for all nuclides used in NAA, using the
Salgado weighted mean of the resonances. Trkov achieved
a similar result by integrating over the cross-sections in
the resonance region. Now epithermal self-shielding factors
for any cylindrical sample can be calculated by Chilian’s
spreadsheet with the sigmoid function or by Trkov’s MATSSF
package.

To be useful for routine NAA work, the correction
software needs to be automated to use the mass fractions
measured for batches of samples. Since the correction fac-
tors depend on the measured mass fractions, the calculation
must be iterative. Chilian has demonstrated the feasibility
of iterative self-shielding corrections and automated them
for routine NAA.

The presentation will recount the history and describe
current and foreseen future developments. A project has just
begun to incorporate the best features of the self-shielding
models into a user-friendly and all-encompassing software
package.
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LOW BACKGROUND NEUTRON ACTIVATION ANALYSIS:
A HIGH SENSITIVITY TECHNIQUE FOR PHYSICS OF RARE EVENTS
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The Low Background Neutron Activation Analysis (LBNAA)
foresee to minimize all sources of noise that limit the sensi-
tivity of the NAA technique, as the contamination in materi-
als containers used during sample irradiation, the radioac-
tive background due to the major and minor elements of the
sample matrix through radiochemical techniques or radio-
active background suppression methods (gamma-gamma
coincidences) as well as the use of detector with very low
intrinsic radioactive background. In present work it show
an application of LBNAA in the materials selection for
physics of rare events experiments.

In fact, the new generation of Physics of rare events
experiments need increasing constraints in the radio-purity
of materials. The natural radioactive background can cover
the signal of extremely rare processes, such as neutrino os-
cillation, double beta decay, and dark matter searches. Nor-
mally these experiments are situated in underground labs in
order to reduce the natural background due to cosmic radia-
tions, but not from the one due to the experimental appara-
tus itself. For example, the radiations emitted from radio-
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nuclides present in the experimental set-up can often have
the same energy signature of the rare processes studied.

In order to reduce the intrinsic background of these ex-
periments is widespread the utilization of shielding and
structure made of ultra-pure materials. In these latest years
it has become of great importance to found an optimal meth-
od to estimate limits on the radio-purity of the materials of
10—-12—-10-13 g of contaminants / g of materials. In this way
also the evaluation of 232Th and 238U contaminations in
ultra-pure materials becomes very important, because this
two radionuclides are the principal cause of radioactive
background due to the detectors facilities.

In particular the goal of the present work was to deter-
mine 232Th and 238U contaminations in ultra-pure materi-
als like High purity Copper, High purity Lead (modern and
ancient roman lead), PTFE, High purity Silicon and others.
These materials can be used in almost all the radiation de-
tectors with low background facilities and for the shielding
of many experiments of Physics of Rare Events (CUORE,
GERDA, MAJORANA).

DEVELOPING A METHOD BASED ON NEUTRON ACTIVATION ANALYSIS TO DETERMINE

THE ORIGIN OF METALS USED IN ANTIQUITY

Alessandro Contini' >*, Massimiliano Clemenza® 4, Giovanni Baccolo* >, Massimo Carpinelli’?, Ettore Fiorini*?,
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The study of the production and trade of metals in antiquity
poses difficult questions to solve as about the origin of mate-
rials brought to light by archaeologists. In particular, the trade
associated with the archaco-metallurgy were developed by
ancient civilizations distributing goods along routes even far
away for thousands of kilometers with amazing results.

To determine the origin of metals used in antiquity in par-
ticular for those in the form of ingots, the methods normally

used are the study of the archaeological context, the type
and the epigraphy eventually reported on the finds. In ab-
sence of these information the study of the chemical compo-
sition and the determination of the isotopic ratios of lead
constitutes a valid supports for archaeologists.

In the present work six ingots of ancient Roman Lead,
retrieved from Mal Di Ventre sea (Sardinia-Italy) and asso-
ciated to three different foundries located in Sierra de Cart-
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agena in Spain (SOCPONTILIENORUMME, QAPPCF and
MCPONTILIENORUMMEF) has been chosen to develop a
method based on Neutron Activation Analysis and a Multi-
variate statistical procedure (Principal Component Analy-
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sis PCA). This approach allows to define the elemental “fin-
gerprint” of the sample with a non-destructive technique,
covering a very important request coming from cultural her-
itage authorities.

INVESTIGATION OF PARTICULAR SPECIES OF MOSSES

AND LICHENIZED FUNGI FROM ANTARCTICA:

INFLUENCE OF ALTITUDE AND SUBSTRATES ON THE ELEMENTAL CONTENT

O. A. Culicov'?, L. Yurukova®, O. G. Duliu'?, I. Zinicovscaia®?
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4University of Bucharest, Department of Structure of Matter, Earth and Atmospheric Physics and Astrophysics, 405, Atomistilor str., 077125

Magurele (Ilfov), Romania

*Moldavian Academy of Sciences, Institute of Chemistry, 3, Academiei str., 2028 Chisinau, Moldova

The Antarctic region, being the least polluted in the world
and having extreme climatic conditions, offers a possibility
to perform a large spectrum of investigations regarding
natural phenomena. Mosses and lichens are well-estab-
lished bioindicators and biomonitors of the environmental
status, therefore, it is very important to know the environ-
ment (substrate, altitude of location where they grow) influ-
ence on their elemental content. Samples of mosses and
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lichenized fungi, as well as neighboring soil collected, from
different altitudes of the Livingston Island (Antarctica) were
analyzed. Total content of 38 elements was determined by
INAA at the IBR-2 reactor. This allowed calculating the en-
richment factor with respect to the soil. The data, interpreted
within the model of the Reference Plant and the Upper Con-
tinental Crust, were compared with the previous studies re-
garding the same species of mosses in the same area.

NEUTRON ACTIVATION ANALYSIS AND MICROSCOPY OF EXTRA-TERRESTRIAL

MATERIALS

Marina Frontasyeva
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A brief review of the results obtained by radiochemical
neutron activation analysis of lunar rocks and fine-grained
lunar “soil,” (Apollo missions 1969-1972) [1, 2] is given.
Examples are demonstrated of applying instrumental epith-
ermal NAA at the reactor IBR-2 in FLNP JINR, Dubna
for determination of major and trace elements (Na, Al,
Cl, Mn, K, Ca, Ti, Fe, Sc, V, Cr, Ni, Co, Zn, Cu, As, Sr, Rb,
Zr, Mo, Sn, In, Sb, Ba, Cs, La, Ce, Nd, Eu, Sm, Tb, Dy, Yb,
Hf, Ta, W, Th, U) in manganese micronodules from the
North Pacific Ocean Clarion-Clipperton abyssal plane [3].
To classify meteorites of unknown origin according to their
element contents, a total of 38 elements were determined.
Applying Principle Component Analysis, meteorites of car-

bonaceous chondrite and iron types were distinguished.
Attempts were made to employ NAA in combination with
microanalysis (SEM, TEM) for search for cosmic dust in
natural moss planchettes from Russian Western Siberia,
Arctic (Northern Norway) and Antarctica (King George
Island), as well as in melting ice of the Arktu glacier in the
Altay Mountains. Peat bog cores in Poland [4] and Russia
were used for retrospective studies of deposition of micro-
meteorites, anthropogenic and cosmic dust. Nowadays neu-
tron activation analysis which proved to be a powerful tool
for studying trace elements finds more and more applica-
tions in investigation of extra-terrestrial materials.
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Edible seaweeds are known to contain a number of ele-
ments. Some of them are of nutritional importance for Japa-
nese population groups. Although the biological role of
arsenic for human beings has not been fully established yet,
some physico-chemical form of the element can be toxic at
certain levels. Among the various arsenic species that exist
in nature, inorganic As(III) species is said to be most toxic
followed by inorganic As(V). Hijiki, one of edible sea-
weeds, is well known for its rather high levels of arsenic.
Therefore, it is of interest to have simple methods available
for the determination of low levels of inorganic As(III)
and As(V) species in Japanese hijiki samples. Various types
of atomic absorption spectrometry (AAS) and inductively
coupled plasma-mass spectrometry (ICP-MS) are com-
monly used for arsenic speciation analysis. Neutron activa-
tion analysis (NAA) is one of the most sensitive methods

available for the analysis of arsenic in seaweeds. In this
work, the total amount of arsenic in several reference mate-
rials, namely NMIJ 7405a Hijiki, NIES No. 9 Sargasso and
NMIJ CRM 7402a Cod Meat were analyzed by instrumen-
tal neutron activation analysis (INAA) for the validation of
the method. Levels of inorganic As(II) and As(V) in these
materials and hijiki samples were also measured by separa-
tion of these species followed by NAA. The separation
method consisted of solvent extraction by APDC/MIBK
and back extraction of the species in nitric acid. The sam-
ples were irradiated for 3 h at a neutron flux of 1x10'> cm
s! at the Thailand Institute of Nuclear Technology (TINT).
After a decay of one day, arsenic was quantitatively assayed
using °As (559 keV, half-life 1.08 d) by gamma-ray spec-
trometry. The ratios of As(III) and As(V) to total arsenic for
hijiki samples were 0.01-0.05 and 0.07-0.44, respectively.
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Prompt gamma neutron activation analysis using a 14 MeV
neutron generator is a promising analytical technique to de-
termine nonradioactive elements in 200 L radioactive waste
drums [1, 2]. However further information on the elemental
composition of the waste may be obtained measuring the
delayed gamma rays of short-lived radionuclides (e.g. '°N,
2mNa, 2’Mg, 28Al, 32V and 2*’"Pb) induced by fast and ther-
mal neutron reactions. In a previous study dealing with
the die-away time of thermal neutrons in various large sam-
ples [3] we showed that a waiting of about 12 ms after the
end of the neutron pulses is required to measure delayed
gamma rays without appreciable interferences of prompt
gamma rays.

Cyclic neutron activation i.e. the subsequent measure-
ment of prompt and delayed gamma rays between fast neu-
tron pulses is applied for the analysis of the 200 L drum
filled with concrete and a large lead sample. The neutron
generator was operated in pulse mode at a neutron emis-
sion of about 8x107 n-s7!. The length of the neutron pulses
was set to 2 ms and the repetition time to 40 ms. Using
two multi channel analyzers the prompt gamma-rays were
measured directly after the neutron pulses for 20 ms and
the delayed gamma-rays for 20 ms after a waiting time of
18 ms from the end of the neutron pulses. Prompt and delay
gamma-ray spectra were recorded for total counting time
of 3600 s. In this work the methodology to determine the
elemental composition of concrete is presented. It in-
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cludes the evaluation of the fast and thermal neutron flux
using the steel drum as monitor as well as correction fac-
tors based on thermal neutron die-away times for quantifi-
cation through the prompt gamma rays measured in a de-
caying thermal neutron flux. The results are compared with
those obtained by setting irradiation and counting condi-
tions preferably for the measurement of thermal neutron
capture gamma rays [2]. Finally characterization of a large
lead sample using thermal neutron capture gamma rays and
delayed gamma rays of the short-lived isotope 2°"™Pb (T, =
805 ms) induced by (n,2n)-reaction with fast neutrons is
described.
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The Central European tektites — moldavites — have been
linked to the Ries Impact Structure (Nordlingen, Germany),
based on correspondence of their age (~14.5 Ma) and simi-

larity of chemical composition of moldavites with their
supposed source materials — unconsolidated surface sedi-
ments dated to the Middle Miocene, the so-called Obere
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StiBwassermolasse (OSM, Upper Freshwater Molasse),
which covered a major part of the pre-impact Ries area.
The study presents geochemical characterization of a large
collection of more than one hundred moldavites from the
major parts of the Central European tektite strewn field
(Southern Bohemia, the Cheb Basin in Western Bohemia,
Moravia, and Lusatia in Germany), and selected samples of
unconsolidated sediments and bedrock samples collected
in the Ries area. Most attention was paid to various OSM
sediments, marginally also Miocene karst residues and
Triassic and Jurassic sedimentary rocks were sampled as
potential source materials present at the target area. De-
tailed geochemical characterization of moldavites and Ries
sediments and rocks was based on determination of about
fifty major and trace elements, using various modes of in-
strumental neutron activation analysis, supplemented by
instrumental photon activation analysis.

The geochemical data for moldavites and their probable
source materials have been compared in terms of major ele-
ments. Despite similarity in the chemical composition of
some OSM samples with moldavites, there are some signif-
icant differences in the major element contents, namely sig-
nificantly higher contents of Al, Na and Fe, and lower con-
tents of K, Ca and Mg in the sediments than in moldavites.
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These differences can be partly solved by recalculation of
the composition of the sediments to their volatile-free bases,
since water, carbon and other volatiles escaped during the
impact process and moldavite formation. Nevertheless, an-
other component rich in K, Ca and Mg is highly probable.
Presence of an uncombustible residue of biomass and
soils, which would contribute to high K, Ca and Mg levels
in moldavites, may be applicable to modeling composi-
tion of moldavites with extremely high K/Na ratios, but
their proportion in a majority of moldavites was probably
low. Comparison of the chemical composition of mol-
davites and residual karst sediments exclude also these ma-
terials as a dominant component of the moldavite parent
mixture. The observed differences between the source ma-
terials and moldavites cannot be explained by a single pro-
cess or factor. Clearly, multiple factors influenced the ele-
ment ratios during the moldavited formation processes.
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In the frame of collaboration between Forschungszentrum
Jiillich GmbH (Germany) and CEA Cadarache (France), the
possibility to determine 2*°U and 2°Pu in 200 L radioactive
waste drums by measuring fission delayed gamma rays is
being studied. Following preliminary performance assess-
ment reported in [1], a 200 L drum filled with concrete or
polyethylene was irradiated in the MEDINA (Multi Ele-
ment based on Instrumental Neutron Activation) facility
[2] using a pulsed 14 MeV neutron generator and gamma
rays were measured with a High Purity Germanium detec-
tor (HPGe). The length of the neutron pulses was set to 10
ms and the repetition time to 50 ms. During the first 10 ms
following each neutron pulse, the prompt gamma rays
emitted from the main element of the waste or package are
measured and used to evaluate the average thermal neutron
flux within the waste. After this 10 ms delay, thermal neu-

tron have almost vanished and delayed gamma rays are
counted during the next 30 ms without appreciable interfer-
ences of prompt gamma rays. The cycle [10 ms pulse — 10
ms prompt gamma measurement — 30 ms delayed gamma
measurement] is repeated with a 20 Hz frequency. Moreo-
ver, delayed gamma-ray spectra were acquired after the
shutdown of the neutron generator, during 15 minutes and
5 hours using two different multi-channel analysers, in
view to record gamma rays emitted by medium- and long-
lived fission products, respectively. Measurements were
also performed with and without ®Co and *’Cs sources to
simulate the background due to gamma emission of radio-
active waste. In this work, an analytical approach to deter-
mine detection limits of 2U and 2*°Pu is presented, and
the results are compared to those obtained by MCNPX sim-
ulations.
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In the study, the shells of Gastropods, Mytilus galloprovin-
cialis, Acanthocardia spinosa, Ostrea edulis, several fish
vertebras as well as a tortoise shell were analyzed by neu-
tron activation analysis. Results were compared to those
from the literature to contribute some subjects such as
Istanbul’s oldest animals lived in Neolithic age by evalua-
tion of the results. Findings were collected from various
depths from Marmaray-Metro Project Archaeological Ex-
cavations at Yenikapi, Istanbul. Neutron Activation Analy-
sis technique was applied by irradiation of samples at the
TRIGA Mark IT Research Reactor of the Atominstitut of
Vienna University of Technology. In this frame concentra-
tions of Na, K, Sc, Cr, Fe, Co, Ni, Zn, As, Rb, Sr, Zr, Sb, Cs,
Ba, La, Ce, Nd, Sm, Eu, Tb, Yb, Lu, Hf, Ta, W, Th and U
elements were determined.

The distribution of the elements in the shells was catego-
rized into three groups. Of these, first 7 elements (Na, K, Fe,
Co, Cr, Ni, and Zn) were grouped together because of their
contribution to living organisms. Their average concentra-
tions changes from 0.243 to 11.33 mgxkg'. Second ten ele-
ments (Sc, As, Rb, Sr, Zr, Sb, Cs, Ba, Hf, and Ta) are not
essential to living organisms, nevertheless may provide ad-

ditional information regarding e.g. pollution of the sea with
further discussion. Their concentrations are between 0.016
and 3.142 mgxkg'. The remaining ten elements consists
from Lanthanides and Actinides (La, Ce, Nd, Sm, Eu, Tb,
Yb, Lu, Th and U) which often called “Rare Earth Ele-
ments” are the most commonly investigated elements with
NAA. Their average concentration varies between 0.078
and 5.523 mgxkg! throughout species. The main contribu-
tion of Zn and U comes from fish bones and tortoise shell in
accordance with the differences in chemical composition
between shells and bones of marine animals.

The characteristics of the 27 elements were studied sepa-
rately in samples. It is known that, in mollusk taxonomy, the
elements have unique values. In other words, element con-
centrations in various mollusk shells depend mainly on the
taxonomic characteristics of mollusks. In different bion-
omic environments, various element distributions of the
same species are attributed to the different geochemical
characters of the each environment. Considering that the
organisms are the most active and deterministic factors of
the environment, data obtained in this study will serve as a
database for future research.
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PERFORMANCE OF NAA LABORATORIES IN THE ASIA-PACIFIC REGION IN DETERMINING

RARE EARTH ELEMENTS
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The Forum for Nuclear Cooperation in Asia (FNCA) aims to
demonstrate and promote the use of nuclear methods and tech-
nologies for socio-economic benefit in the Asia-Pacific region.
Mining is an important industry for many countries in the re-
gion and in recent years there has been an upsurge in demand
for rare earth elements (REEs). Neutron activation analysis
(NAA) is a suitable method to quantify the concentration of
many REEs in samples of soils, sediments and rocks. The
FNCA organized an inter-laboratory comparison using three
certified reference materials as a means for participating NAA
laboratories to benchmark their performance and subsequent-
ly to engage with potential end-users of their services.
Packets of three certified reference materials covering a
range of REE concentrations were purchased from a com-
mercial supplier and distributed to participants. The three
materials were chosen to test the ability of an NAA labora-

437

tory to deal with different levels of complexity. Different
self-shielding corrections were required in the analysis and
one sample had a relatively high concentration of uranium,
requiring a significant correction for fission products.

Seven laboratories participated in the NAA inter-compar-
ison: Australia, Bangladesh, China, Indonesia, Kazakhstan,
Malaysia and Vietnam. Both the relative and k, methods of
standardisation were variously employed. Two other labora-
tories, Japan and Mongolia, analysed the samples using in-
ductively coupled plasma mass spectrometry (ICP-MS) as
an independent method.

The paper presents the results from each laboratory and
assesses performance using z-scores. Comments are made
about the various influencing factors, from choice of stand-
ards through to adequacy of self-shielding and fission prod-
uct corrections.

A MULTI-DETECTORS INTEGRATED AUTOMATION SYSTEM OF ROUTINE INAA

Yonggang Yao, Caijin Xiao, Xiangchun Jin, Long Hua, Pingsheng Wang, Bangfa Ni
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An instrumental neutron activation analysis (INAA) meas-
urement system with fully automation, high accuracy and
three detectors was successfully established at China Insti-
tute of Atomic Energy (CIAE). The characteristics include:
(1) The Kingview software was employed to control all the
system which includes pneumatic transfer system (PTS),
programmable logic controller (PLC) and step motor. Of
course, the manual switch is also designed for each step of
sample transfer. (2) The sample rack have a capability of

200 samples which is assigned in a line-up of 10 rectangle
boxes, each box contains 20 sample rabbits stand in a line.
The sample is sent to the detector from bottom of the box.
After counting, the rabbit will return back to the top of same
box in queue automatically for the next time counting.
(3) The high efficiency and accuracy: Three detectors can be
run simultaneously at 24 hours continuously. Photoelectric
sensor was fixed at each sample input and output point of
pneumatic transfer system. The radio frequency identifica-
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tion (RFID) tag was installed on each sample capsule/rabbit.
The RFID reader was installed each HPGe detector cham-
ber in order to keep the consistence of the sample ID with
counting spectrum. (4) Each sample counting condition can
be optimized through the automatic adjustment of sample
counting position to maintain a reasonable dead time. (5)
The operation interface was designed as menu style. All the
status of sample position, detectors, counting spectrum and
sample transfer can be displayed on the screen. (6) The
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NAA software with the functions of relative method, KO
method, interference correction as well as NAA report, etc.
is also connected with the counting system. The NAA data
management can be carried at any time through batch or
single sample analysis.

This integrated automation system has been demon-
strated more than 100 times for each step automatically. The
results indicated the system is successful for routine INAA.

INAA CONTRIBUTIONS TO THE CERTIFICATION OF ARSENIC SPECIES
AND OTHER TRACE ELEMENTS IN SRM 3232 KELP

Rolf Zeisler*, Rabia Oflaz, Rachel Stanoyevitch, Lee Yu

Chemical Sciences Division, National Institute of Standards and Technology, Gaithersburg, MD 20899 USA, *e-mail: rolf.zeisler@nist.gov

Keywords: activation analysis, extraction of As species, liquid chromatography, nutritional supplements, uncertainty

The National Institute of Standards and Technology (NIST)
is developing a standard reference material (SRM) for kelp
in support of US Food and Drug Administration’s (FDA)
food safety and nutrition measurements program, and to
meet the needs in the food industry for compliance with the
current good manufacturing practice (¢cGMP) and the Food
Safety Modernization Act (FSMA). Instrumental neutron
activation analysis (INAA) is contributing results on trace
element mass fractions, which are used for assessment of
homogeneity and are combined with results from other
techniques for value assignment. A special effort is dedicat-
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ed to the determination of arseno-sugar compounds, which
are representing about 60% of the total arsenic measured in
the kelp. INAA is used for the direct determination of As in
the original material, the aqueous extracts containing the As
species, the extracted material, and in the fractions separated
by liquid chromatography (LC) that contain the individual
As compounds. The latter step provides the needed calibra-
tion for the inductively coupled mass spectrometry (ICP-
MS) measurements of the same species in the extracts after
LC. Results are evaluated for uncertainty and, where appro-
priate, compared with other techniques’ analytical results.

SPIRULINA PLATENSIS AS BIOSORBENT OF HEAVY METALS FROM MODEL SOLUTIONS

AND INDUSTRIAL EFFLUENTS

1. Zinicovscaia’ 3, L. Cepoi?, O. A. Culicov'*, M. V. Frontasyeva'
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“National R&D Institute for Electrical Engineering ICPE-CA, 313, Splaiul Unirii, District 3, 030138, Bucharest, Romania

The time-dependent accumulation of heavy metals (Zn, Cr,
Co, Fe, and Cu) from model systems (single- and mul-
ti-component) and residual waters of an engineering plant
was investigated using cyanobacteria Spirulina platensis.
Two analytical techniques, neutron activation analysis and
atomic adsorption spectrometry, were used to trace the the
uptake of metals by spirulina biomass. In the experiment on
the metal biosorption from model solutions the efficiency of

studied metal uptake changes in the following order Fe(III)
> Zn(II) > Cu(Il) > Co(III) > Cr(IV) (single-metal solutions)
and Fe(III) > Cu(IT) > Zn(II) > Co(III) > Cr(IV) (multi-met-
al system). The degree of metal retention present in waste-
water increased rapidly in the first 515 min of the reaction,
then stayed approximately at the same level or slightly de-
creased. Fourier transform infrared spectroscopy was used
to identify functional groups responsible for metal binding.
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IDENTIFICATION OF ELEMENTAL SIGNATURES IN URANIUM SAMPLE
FROM NUCLEAR FUEL CYCLE BY PIXE, PIGE AND NRA METHODS USING 3 MV TANDETRON
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This paper describes three non-destructive analytical meth-
ods for identification of elemental signatures in uranium
samples from nuclear fuel cycle. The measurements are
based on Particles Induced X-ray Emission (PIXE), Parti-
cles Induced Gamma-Ray Emission (PIGE), and Nuclear
Reaction Analysis (NRA) applied to nuclear fuel cycle ura-
nium samples of different origins. The uranium samples
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were irradiated by 5 MeV protons at the 3 MV Tandetron
particle accelerator of IFIN-HH. The prompt X and gamma
rays, as well as gamma rays resulted from the activation
reactions were measured using High Purity Germanium
(HPGe) detectors. The GUPIX and GAMMAW software
were used for the determination of major, minor and trace
elements present in the studied samples.

THE RADIOLOGICAL SEALED SOURCE LIBRARY:
A COMPILATION OF FORENSIC SIGNATURES AND DISTRIBUTION PATHWAYS

Jodi L. Canaday'*, David B. Chamberlain', Seema R. Naik!, Yu Tang!, Martha R. Finck?, Kevin P. Carney?

"Nuclear Engineering Division, Argonne National Laboratory, 9700 South Cass Avenue, U.S., *e-mail: jodi.canaday@anl.gov
’Idaho National Laboratory, Idaho Falls, U.S., e-mail: Martha Finck@inl.gov

In the event of a terrorist obtaining and possibly detonating
a device with radiological material, radiological forensic
analysis of the material and source capsule could provide
law enforcement with valuable clues to the origin of the
material; this information could then provide further leads
on where the source or material was obtained.

The concept of nuclear forensic signatures for inter-
dicted nuclear materials is generally understood to include
isotopic ratios, trace element impurity ratios, material age
and morphological aspects of the material. In contrast, ra-
diological forensic signatures for radiological sealed
sources focus more on the physical design and chemical
composition of the radioactive material and attributes of
the source capsule or containers in which the material is
contained.

Argonne and Idaho National Laboratories have been
working since 2003 on understanding signatures that could
be used to identify specific source manufacturers. These sig-
natures include elemental and isotopic abundance, source
materials of construction, dimensions, weld details, of the
radioactive material. These signatures have been collected
in a library, known as the Radiological Sealed Source
Library. Data, collected and validated through collabora-
tive agreements with regulatory agencies and source manu-
factures, is supplemented through other diverse, open source
data streams. Details of the Radiological Sealed Source
Library will be described.

Argonne National Laboratory’s work was supported by
the Department of Homeland Security under interagency
agreement, through U.S. Department of Energy contract
DEACO02-06CH11357.
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CAPABILITIES AND EXPERIENCE OF THE INSTITUTE OF NUCLEAR PHYSICS
IN THE REPUBLIC OF KAZAKHSTAN IN NUCLEAR FORENSICS

Petr Chakrov, Viktor Gluchshenko®, Alexandr Pustovoy, Viadimir Solodukhin
Institute of Nuclear Physics, Ibragimov St. 1, Almaty, 050032, Republic of Kazakhstan, *e-mail: vik.inp.kz@gmail.com
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One of the main direction of activities of the Institute of
Nuclear Physics (INP) located in Almaty, Kazakhstan, is the
development and application of nuclear-physical methods
for analysis of the environmental objects and mineral raw
materials. Having retained the scientific capabilities through
the collapse of the Soviet Union, in recent years the Insti-
tute has upgraded its instrumentation and methodological
frameworks in this area. Currently, the complex of analyti-
cal methods based on the up-to-date spectrometric and
analytical equipment is available in INP, including the ele-
mental analysis such as X-ray fluorescence analysis, induc-
tively-coupled plasma mass spectrometry, neutron activa-
tion analysis, and also the instrumental and radiochemical
techniques for analysis of radionuclide and isotopic com-
position. In particular, this analytical complex along with
specially developed procedures is applied for forensic ex-
aminations of various nuclear and radioactive materials
delivered by law enforcement agencies. The set of tech-
niques applied for forensic examination is different in each
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NUCLEAR FORENSICS CENTER IN THAILAND

specific case, depending on features of the material and
requirements of the investigators. Short-term material cate-
gorization techniques such as visual inspection, dose rate
measurement and gamma-spectrometry are used in all cases.

The Institute is licensed for handling of ionizing radia-
tion sources, nuclear materials, radioactive substances and
waste, and for providing the services such as determination
of radionuclide content in various materials. INP has spe-
cialized laboratories and qualified staff for this kind of
work. Quality management system at the Institute is certi-
fied for compliance with the ISO 9001 international stand-
ard, and the Center of Complex Ecological Research of
INP engaged in nuclear forensics activities is accredited
to meet the requirements of ISO/IEC 17025-2007 standard
“General requirements for the competence of testing and
calibration laboratories”. Quality of analyses is confirmed
also by successful participation in international inter-labora-
tory comparisons and proficiency tests organized by the
IAEA.

Kalaya Changkrueng*, Harinate Mungpayaba, Arug Wititteeranon
Office of Atoms for Peace, 16 Vibhavadi Rangsit Road, Lardyao, Chatuchak, Bangkok Thailand 10900, *e-mail: anne778@hotmail.com

Keywords: Nuclear Forensics Centre, CBRN Centres of Excellence, JRC-ITU

Thailand established Nuclear Forensics Centre in 2013 at
Office of Atoms for Peace (OAP), Ministry of Science and
Technology. Before OAP started the Centre, there are many
activities preparing for the Project; Round Table Meeting,
ASEAN Regional Forum Workshop, Training (Scientist,
Forensic Science, Crime Scene Detection Police). Further-
more OAP submitted “Project 30: Network of Nuclear
Forensics in South East Asia Region” to CBRN Centres of
Excellence. European Commission Joint Research Centre
— Institute for Transuranium Element (JRC-ITU) is an ad-
visor. The objective of the project is to reinforcing public
security by upgrading capabilities and methodologies to
comprehensively assessment involving radioactive and
nuclear materials and technology and to collect radioactive

and nuclear materials information and develop database
system. For the next activities, OAP would be the training of
Nuclear Forensics Officer among South East Asia Coun-
tries.
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PYROLYSIS GAS CHROMATOGRAPHY MASS SPECTROMETRY ANALYSIS OF ORGANICS
WITHIN AUSTRALIAN URANIUM ORE CONCENTRATES FOR SOURCE ATTRIBUTION
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One important facet of the nuclear forensic science disci-
pline is the determination of the provenance of an unknown
nuclear or radioactive material (source attribution), to sup-
port criminal investigations and prevent the further prolif-
eration of material. Uranium ore concentrates (UOCs) are of
particular interest to nuclear forensic science, as they con-
tain greater than 65% uranium by weight and are a com-
modity traded internationally for the production of nuclear
fuel. While several signatures have previously been identi-
fied within UOCs, the development of new signatures and
analytical methodologies are necessary to advance the ca-
pabilities of source attribution in nuclear forensic science.

Recently, a sorptive extraction method has identified a
number of organic compounds in UOCs used during the sol-
vent extraction (SX) process in their production [1]. Purifi-
cation of uranium via SX is a complex process, often requir-
ing 2-3 different classes of organic compounds: an extractant
(a complexing agent), a diluent (often kerosene) and pos-
sibly a modifier (to increase the solubility of uranium-ex-
tractant complex in the organic phase). Given the number of
different organic compounds that can be used in the SX pro-
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cess and their state of purity, the organic profile of an inter-
dicted UOC sample may be used to elucidate the SX pro-
cessing method used in its production.

Research described in this presentation concerns the
novel use of pyrolysis gas chromatography mass spectrom-
etry (py-GC-MS) to investigate the organic content of Aus-
tralian UOCs. Py-GC-MS thermally decomposes organic
compounds into smaller, more volatile fragments that are
introduced into the GC-MS system. As the organic com-
pounds are liberated directly from the UOC, py-GC-MS re-
quires minimal sample preparation and a nominal amount
of UOC (<5 mg), whereas in contrast, the previous sorptive
extraction method required 100 mg of material, and involved
multiple preparative steps requiring >4 hrs per sample. This
paper describes how the py-GC-MS technique is amenable
to analysing seized UOC samples in small quantity.
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Americium is a transuranium element, produced by neu-
tron capture in nuclear reactions. In spent nuclear fuel, as
an example, ! Am contributes, especially by its daughter
Z7Np to the long-lived radioactive waste. Currently there is
no *$Am spike reference material commercially availa-

ble, although a certified reference material (CRM) is indis-
pensable for accurate measurements of >*!Am in nuclear
materials for security, safety and safeguards. Furthermore, it
can be applied in nuclear forensics by using the 2*'Pu/?*! Am
chronometer (*!Pu, t,,, = 14.325 + 0.024 a) to determine the
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elapsed time since the last chemical purification of pluto-
nium and enables to calculate an age of (seized) nuclear
material.

In order to meet the recommendation from the IAEA
2014 Technical Meeting on Nuclear Reference Materials
for Destructive Analysis to fill this gap, CEA/CETAMA
(CEA/DEN Marcoule, France) and JRC-IRMM initiated a
joint project for the preparation and certification of a *Am
spike CRM. The base material, about 3 mg of Am (88%
23 Am and 12% *'Am) was made available and purified by
extraction chromatography by CEA/LAMM (Material Anal-
ysis and Metrology Laboratory), and subsequently shipped
to JRC-IRMM for further processing and certification in
compliance with ISO Guide 34. About 580 units were pre-
pared, each containing about 3.5 mL of diluted nitric acid
solution with an americium mass fraction of about 1.5 pg/g.

For the determination of the >**Am amount content in
this reference material by ID-TIMS, in principle, a certi-
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fied spike of another Am isotope is required. In absence of
such a spike, a 2! Am in-house spike had been prepared
from a highly enriched ?*'Pu material (99.3%), which was
characterised by ID-TIMS using IRMM-049d (??Pu CRM).
A three-fold purification was performed by anion exchange
in order to remove the decay product 2! Am. The complete-
ness of this purification was confirmed by y-ray spectrom-
etry. The ingrown ' Am, produced by beta decay of *'Pu,
since the last purification (10™ June 2014), is used as in-
house spike for the ID-TIMS analyses to certify the novel
28 Am reference material. It will be certified for **Am,
21 Am and total Am amount contents, and >*' Am/**Am and
2mAm/22Am amount ratios by ID-TIMS and TIMS, re-
spectively. The approach for characterisation and value as-
signment in line with ISO Guide 34 and normalised results
will be presented. An inter-laboratory comparison (ILC)
exercise will be organised by CEA/CETAMA prior to the
release of this novel 23Am CRM.

SPECTRAL METHODS FOR ELEMENTAL AND ISOTOPIC ANALYSIS
OF NUCLEAR FORENSICS OBJECTS IN THE INSTITUTE OF NUCLEAR PHYSICS

IN THE REPUBLIC OF KAZAKHSTAN
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The Institute of Nuclear Physics developed and widely
applies the methods of quadrupole mass- and optical-emis-
sion spectrometry (Q-ICP-MS and ICP-OES) on a base of
Perkin Elmer instruments for elemental and isotopic analy-
sis of nuclear and radioactive materials. The most widely-
applied and effective methods of microwave digestion and
fusion are used for sample preparation of “composite” ob-
jects.

Q-ICP-MS and ICP-OES methods are providing the
rapid and accurate investigation of the trace-, minor- and
macro-elements in the objects of nuclear forensics. Q-ICP-
MS also enables to determine the long-lived radionuclides
and the isotopic composition of the nuclear forensics ob-
jects, primarily uranium, plutonium and other transuranic
elements. Using the data obtained by Q-ICP-MS and ICP-
OES we can obtain the unique signature of the nuclear fo-

rensics object and make the conclusions about the type of
chemical compound, structure materials, production tech-
nology and probable origin.

The presentation provides data of elemental and isotope
composition of 10 samples of uranium concentrate as an
example, seized on the territory of the Republic of Kazakh-
stan. The obtained data enabled us to perform the identifica-
tion of the uranium concentrate as the radioactive material
containing the natural uranium and answer the question
about probable type of concentrate chemical compound and
its place in the technological chain of the nuclear fuel cycle
used in the nuclear plants in Kazakhstan. However, it was
not possible to make an unambiguous conclusion about the
origin of the studied uranium concentrates. For this purpose
the national nuclear forensic library is required, which is not
available in the Republic of Kazakhstan at present moment.
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Iridium-192 sources are generated in nuclear reactors
through the irradiation of stable target materials. However,
variation in: neutron energy, flux and irradiation time; tar-
get material characteristics and purity; the activation cross
sections of the desired reactions; decay and daughter prog-
eny in-growth; and any post irradiation processing, can
play a key part in determining the isotopic and chemical
composition of the material produced. These isotopic ra-
tios, together with those of any activated elemental impu-
rities, therefore have the potential to provide information
relating towards not only the material’s production date,
but also the source’s production route, irradiation history
and original elemental and isotopic composition.
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A computational study to evaluate the effect that neutron
flux spectra have on radionuclide production within such
materials has indicated a number of potential signatures.
These signatures though need to be validated using materi-
als of known production history. As part of this process,
a new method is being developed to enable the dissolution
of iridium sources without biasing the signature of the em-
bedded impurities. Details of this method will be provided,
and the various issues that have been encountered during
the transition towards source material analyses will be dis-
cussed.

© British Crown Owned Copyright 2015 /AWE

RAPID ANALYSIS OF ##'Sr IN NUCLEAR FORENSICS SAMPLES

Jun Jiang*, Ashley Davies, Kieran Thorne, Chris Gilligan
AWE plc, Aldermaston, Reading, RG6 4PR, UK, *e-mail: jun.jiang@awe.co.uk

Keywords: #°°Sr, liquid scintillation counting, Cerenkov counting, nuclear forensics

Strontium measurement is of interest for a number of rea-
sons, including analysis in nuclear forensic scenarios. *Sr
and °Sr are important fission products with high fission
yields of 4.7% and 5.8% from the irradiation of 23U by ther-
mal neutrons, and 1.7% and 2.0% from the irradiation of
2%Pu by fission spectrum neutrons. Both radiostrontium
nuclides are pure beta emitters. Sr decays to stable Y.
%Sr decays to *°Y, which further beta decays to stable *°Zr.
Immediately after irradiation, the activity of *Sr is much
higher than that of °*Sr due to the differences in half lives
— 51 days versus 29 years. The measurement of radiostron-
tium is complicated because *Sr and *°Sr can not be chemi-
cally separated and *°Y, the daughter of *Sr, ingrows after
the separation of strontium and yttrium.

Several papers have been published in which ¥Sr and
%Sr activities have been simultaneously measured by Cer-
enkov counting. However, the measurement of *Sr has to
be carried out as soon as possible after yttrium removal
and there is an additional step to separate *°Y after ingrowth.

An alternative is to use a combined counting method using
Cerenkov and liquid scintillation counting. Although this
method is efficient, the published study requires prepara-
tions of four calibration sources (*Sr, *°Sr, *°Y, and mixed
%S1/*Y) and Cerenkov/LSC efficiency calibrations for each
of them. The procedures are complicated and the prepara-
tion of accurate **Sr and *°Y sources are difficult.

A rapid method has been developed for the analysis of
89%0Sr by a combination of Cerenkov and Quantulus liquid
scintillation counting. The counting efficiencies were deter-
mined using certified *Sr and *°Sr (in equilibrium with *°Y)
solutions without the need of **Sr/*’Y separation. A *°St/*°Y
ingrowth curve and a LSC efficiency versus delay time
chart were plotted using the obtained efficiencies and used
in the calculation. Results can now be available within 3 to
5 days using this method and the method has been validat-
ed using recent inter-laboratory comparison samples. This
talk discusses the developed method, its validation and nu-
clear forensic type sample analysis results.



ORAL PRESENTATIONS — Nuclear forensics

75

120

PREPARATION OF VOLATILE CHELATES OF TRIVALENT AND TETRAVALENT NEPTUNIUM

Aaron T. Johnson*, Jana K. Pfeiffer, Martha R. Finck, Kevin P. Carney
Idaho National Laboratory, Idaho Falls, Idaho, USA, *e-mail: aaron.johnson@inl.gov

Keywords: neptunium, volatile, reference material, electrochemistry

The sensitivity in thermal ionization mass spectrometry is
governed by the vapor pressure of the element or com-
pound, ionization efficiency, and transmission characteris-
tics of the mass spectrometer. Plutonium has a low vapor
pressure combined with a low ionization potential which
results in moderate sensitivities in thermal ionization mass
spectrometric analyses. However, the vapor pressure of
neptunium is an order of magnitude higher than plutonium,
but because its ionization potential is significantly higher,
TIMS sensitivity is lower. An efficient method of introduc-
ing neptunium compounds into a mass spectrometer is de-
sirable to reduce the mass of samples necessary for analy-
sis. This is particularly desired in the handling and analysis
of transuranic elements. Chemical modification of neptu-
nium to increase its volatility adds complexity to this ap-
proach. Perhaps the best example of chemical modification
to volatilize actinide compounds is uranium hexafluoride
(UFy), used to enrich 2*U by gaseous diffusion to make
nuclear fuel. NpF exhibits similar volatility; however F is
highly corrosive to the sensitive internals of the mass spec-

233

trometer. Iodine (which is more volatile than F and the other
halides) may be a viable alternative. Two approaches for the
synthesis of volatile neptunium compounds have been con-
sidered. First were neptunium iodide complexes, which have
not previously been considered for this application. Electro-
chemical manipulations, combined with solvent extraction
techniques were used to create both Npl; and Npl, as con-
firmed by absorbance and FTIR spectroscopy. Second, the
relatively high volatility of B-diketone chelates makes them
an ideal candidate for use in this application. Tetrakis B-dike-
tone chelates with trivalent and quadrivalent neptunium and
1,1,1,2,2,3,3-heptafluoro-7,7-dimethyloctane-4,6-dione
(FOD) were synthesized as confirmed by FTIR and NMR.
The volatilities the iodide and -diketonate compounds were
then investigated by thermogravimetric analysis. Ultimately,
vapor pressures of these compounds at variable tempera-
tures and pressures can be determined using the Knudsen ef-
fusion method. The work reported here presents novel, low-
hazard routes to the creation of volatile neptunium chelates
for introduction into thermal ionization mass spectrometers.

THE NEXT FRONTIER FOR NUCLEAR FORENSIC SIGNATURES:

MICROANALYSIS OF NUCLEAR FUEL PELLETS

Ruth Kips, Michael Kristo

Nuclear and Chemical Sciences Division, Lawrence Livermore National Laboratory, Livermore, CA 94551, USA, LLNL-ABS-678817

Ceramic uranium oxide is the most commonly used fuel
type in nuclear reactors worldwide, with standard fuel fabri-
cation methods producing hundreds of uranium pellets per
minute. Investigating nuclear forensic signatures in fuel
pellets is imperative, given the number of cases of theft and
illicit trafficking of nuclear fuel pellets that have occurred
in the past. LLNL has applied a wide range of analytical
techniques to the analysis and identification of nuclear
fuel pellets. In this work, we will describe our analyses of
different types of fuel pellets at the microscale. The fuel
pellets investigated include the fuel pellet material provided
as part of the most recent Collaborative Materials Exercise
(CMX-4) organized by the Nuclear Forensics International

Technical Working Group (ITWG). Scanning electron mi-
croscopy (SEM) and NanoSIMS secondary ion mass spec-
trometry were used to characterize the fuel pellets’ grain
size and grain structure, porosity, isotopic homogeneity and
impurities. These various microstructural attributes of a
fuel pellet that influence the fuel properties and its subse-
quent behavior in a reactor may also be of value in a nuclear
forensics investigation, potentially linking the fuel to a par-
ticular production process, feedstock material and/or fuel
fabrication facility.

This work was performed under the auspices of the U.S.
Department of Energy by Lawrence Livermore National
Laboratory (under contract DE-AC52-07NA27344).
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DEVELOPMENT OF A NATIONAL NUCLEAR FORENSIC LIBRARY IN HUNGARY

Eva Kovacs-Szeles*, Katalin Talos, Bernadett Henn, Zsuzsana E. Meszar, Kornel Fel, Peter Volgyesi

Hungarian Academy of Sciences Centre for Energy Research, Nuclear Security Department, Konkoly-Thege M. it 29-33,

1121 Budapest, Hungary, *e-mail: eva.szeles@energia.mta.hu

[llicit trafficking of nuclear and other radioactive material
is a subject of serious concern due to the radiological haz-
ard to the public and the environment as well as the security
risks associated nuclear and other radioactive material out
of regulatory control. The problem of theft or loss of nuclear
materials has affected countries on all five continents em-
phasizing the international scale of this issue.

To increase confidence in determining the origin and
history of questioned materials, analysis of numerous com-
parison samples from the same and also different confisca-
tions and batches with different origin is necessary. Another
necessary element is the development by States of a na-
tional nuclear forensics library to aid in national level com-
parisons of material out of regulatory control.

Besides, following the experiences of inter-laboratory
comparison exercises and analysis of different type of sam-
ples it was concluded that it is important to identify the
really relevant signatures for origin assessment of nuclear
materials because some of the often used signatures seem
uncertain.

To increase confidence in determining the origin and
history of questioned materials, analysis of numerous com-
parison samples from the same and also different confisca-
tions and batches with different origin is necessary. Follow-
ing statistical evaluations of the large database originated
from analysis of numerous samples determination of the
relevance and applicability of the individual signatures can
be more effective.
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Confiscated nuclear materials obtained during past sei-
zures by the Hungarian authorities stored at the Centre for
Energy Research. In our work analysis of these nuclear ma-
terials was performed to obtain relevant signatures useful
for the development of a national nuclear forensics library.
Using different techniques which are available at the Centre
for Energy Research such as optical and scanning electron
microscopy, gamma-spectrometry and mass spectrometry,
X-Ray diffraction, electron spectrometry techniques, such
as XPS (ESCA) and Auger spectrometry (AES), a relatively
large and informative database could be obtained and ana-
lyzed.

In the presentation evaluation of analysis results and
some conclusions for relevance of the individual signatures
connected to uranium-oxide base materials will be dis-
cussed.

Besides our aim was also to identify physical, chemical
and radiological characteristics of sealed and unsealed ra-
dioactive sources which could be used as signatures in the
attribution phase of forensic investigations of sources out
of regulatory control (typically seized or found samples
with unknown origin). Another aim was to find relevant sig-
natures of other type of nuclear materials like salts, and
other chemicals available in Hungary to extend the Library.

First analysis data will be also demonstrated. In connec-
tion with the establishment of the library in order to make
its use easier a special searching database handling system
was also initiated.

ALPHA SPECTROMETRY FOR BASIC CHARACTERIZATION OF NUCLEAR FORENSIC

SAMPLES

Stephen LaMont', Lisa Hudston!, Donald Dry!, James Blankenship?, Sarah Fendrich’, David Schnaars?,

Vovik Atoyan?, Konatantin Pyuskyulyan?

"Nuclear and Radiochemistry, Los Alamos National Laboratory, PO Box 1663 / MS J514, Los Alamos, NM 87545 USA,

e-mails: lamont@lanl.gov, lisahudston@]lanl.gov, dry@lanl.gov

2CBRN Sciences Unit, FBI Laboratory, Quantico, VA 22135 USA, e-mail: james.blankenship@jic.fbi.gov
3Counter Nuclear Smuggling Unit, US Department of State, 2401 E Street, NW, Washington, DC 20037, USA,

e-mails: FendrichSE@state.gov, SchnarsDD@state.gov

4Armenia Nuclear Power Plant, Laboratory, 091 Metsamor, Armivir Marz, Republic of Armenia,

e-mails: vovik.atoyan@anpp.am, pyuskyulyan@bk.ru

Keywords: alpha spectrometry, nuclear forensics, uranium enrichment
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Nuclear forensic evidence examinations are used to identify
and quantify nuclear and radioactive materials recovered
from outside of regulatory control, provide necessary evi-
dence for prosecuting criminal activity, and ultimately help
determine the provenance of the material. As part of an on-
going collaborative project between the United States and
Armenia, we are working to demonstrate how alpha spec-
trometry can contribute to nuclear forensics examinations
and produce reliable and defensible uranium enrichment
data. Gamma-ray spectrometry is frequently used to deter-
mine uranium enrichment, but can be challenging for fo-
rensic samples that are often in non-standard counting ge-
ometries and require self-absorption corrections that make
estimating enrichment difficult for laboratories that do not
routinely practice these measurements. Given the serious
nature of incidents involving enriched uranium, and the rel-
atively ubiquitous nature of depleted and natural uranium
materials, it is critical that accurate enrichment data is avail-
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able to investigators, and gamma-ray spectrometry data may
not easily provide an accurate measure of enrichment. As
a compliment to gamma-ray spectrometry, alpha spectrom-
etry can provide reasonably accurate uranium enrichment
measurements that are generally much easier to interpret.
There are a number of other advantages to employing alpha
spectrometry as well, including the relatively low cost of
equipment, robust nature of the hardware, its ease of opera-
tion, and straightforward data interpretation. The disad-
vantage is that samples generally cannot be counted directly,
and need to be prepared into thin sources with limited self-
absorption. However, there are a number of source prepara-
tion techniques that require only basic radiochemistry ex-
pertise and produce data sufficient for estimating uranium
enrichment. This paper will discuss the training materials
developed for applying alpha spectrometry to nuclear fo-
rensic investigations along with methods for preparing sam-
ples and evaluating data to determine uranium enrichment.

ISOTOPIC TECHNIQUES IN RESOLVING NUCLEAR FORENSIC SIGNATURES

FOR U & Th MINING AND PROCESSING

Manny Mathuthu, Ntokozo Khumalo, Refilwe N. Maretela, Malayitha M. Baloyi

North-West University (Mafikeng), Centre for Applied Radiation Science and Technology (CARST)
P Bag X2046, Mmabatho, 2735, NW, RSA, e-mails: manny.mathuthu@nwu.ac.za, rnmaretela@gmail.com, ntokozohkhums@gmail.com,

maxon@live.co.za

Keywords: nuclear forensics, signatures, forensic library, isotopic ratio, ICP-MS

The risks of smuggling of radiological and nuclear materi-
als as well as trafficking of these materials has increased
and become a real threat to the National Security of many
countries including South Africa. There is a need to build a
national nuclear forensic library which contains all the pos-
sible nuclear materials for a proper working database of the
different materials originating from South African mines
and those brought in. The researchers sought to properly
characterize the signatures of the different nuclear materi-
als and develop a database or library. These signatures are
used to establish the origins of the seized nuclear material,
the material nature, the age of the material as well as the
intended use of the material by detection of major, minor
as well as trace elements in the material. Major elements
define the identity of the nuclear material, minor elements
helps to define the function of the material and different
rock types contain very different trace elements which in-
dicates how the Uranium or Thorium was processed from
the ore. Isotopic signatures of the material involves identi-
fying the fission, decay or neutron capture products, which
designate that the material has been in a nuclear reactor
and is a representative fingerprint for the type and operat-

ing conditions of a given reactor. In this preliminary work
we report on the trace and major elements identified by
ICP-MS, after soil samples from a Gold mine in the Gaut-
eng Province of South Africa were digested using the Aqua
Regia method. Results show that there are elevated concentra-
tion levels (ppm) of some trace elements: Co (15.966-365.483);
Cr (0.015-2.094); Cu (0.014-1962.253); Mg (0.06-11.914,
a high diamond indicator in kimberlite bedrock); Mn
(677.548-14439.569); and Zn (0.002-0.019) and that Th
(3.978-36.525); U (0.54-637.962) were associated with the
following heavy elements (ppm): Al; B (0.0001-0.004, no
coal fired plant activity in the mine); Ba (39.695-546.871,
heavy granite geogenic enrichment in the bedrock); Ca (1.285—
27.386, from lime used as smelter in high temperature process-
ing of U/Th extraction); K (1.728-6.468); C1 (37.149-2538.377,
processing using HCI); P (0.008-0.054, use of phosphoric
acid in processing too); Na (0.019-1.949); Ni (11.183-
1427.872, from Co-60 decay too); Pb (0.001-162.487). The
high values of U and Th in the tailing of the investigated
mine indicate a Granite lithology underground. Absence of
La, Sr, and Y show that the Gold mine does not use open
cast mining and there are no alkaline intrusion lithologies.
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THE EXPERIENCE OF SOUTH AFRICA NECSA NUCLEAR FORENSICS LABORATORY
PARTICIPATION IN THE INTERNATIONAL TECHNICAL WORKING GROUP (ITWG) FOURTH
COLLABORATIVE MATERIAL EXERCISE (CMX-4)

A. N. Nelwamondo*, B. L. Kokwane, K. D. Mulibana, M. K. Mogale

South Africa Nuclear Energy Corporation (NECSA), Pretoria 0001, Republic of South Africa (RSA), GAUTENG,

*e-mail: Aubrey.nelwamondo@necsa.co.za

Keywords: nuclear forensics, analytical techniques, CMX-4, experiences, lessons learned

NECSA is the main organization responsible for the na-
tional nuclear science and technology research and devel-
opment, and for performing the analysis of nuclear and
radioactive materials found out of regulatory control on be-
half of the government of South Africa. As an organization
NECSA lacked certain critical infrastructure to adequately
perform nuclear forensic analysis in support of law enforce-
ment investigations, and has embarked on a critical path
in the building and enhancement of national nuclear fo-
rensic analysis capacity and gaining international exposure.
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NECSA as the organization primarily responsible for na-
tional technical nuclear forensics took charge of the fourth
comparative material exercise (CMX-4) analysis. The
NECSA dedicated nuclear forensics laboratory, the availa-
ble instruments, the nuclear analytical techniques and the
experiences accumulated over the past decades, and the nu-
clear forensics expertise acquired in the past recent years
were all utilized as bases for the CMX-4 analysis. The expe-
rience, challenges and lessons learned from participation
in CMX-4 investigations will be presented in this paper.

URANIUM AGE-DATING USING IN-SITU ISOTOPE RATIOS FOR NUCLEAR FORENSICS

Ayako Okubo’, Nobuo Shinohara', Masaaki Magara®

'ISCN, Japan Atomic Energy Agency, Ibaraki, Japan, e-mails: okubo.ayako@jaea.go.jp, shinohara,nobuo@jaea.go.jp
2Safeguards Analytical Chemistry Research Group, Japan Atomic Energy Agency, Ibaraki, Japan, e-mail: magara.masaaki@jaea.go.jp

Keywords: nuclear forensics, uranium age-dating, secular equilibrium, isotopic equilibrium, ID-TIMS

As an effort of strengthening nuclear security in the world,
the capacity building of nuclear forensics in each state has
been required. The age-dating of nuclear material is to esti-
mate an elapsed time since the final purified date of the nu-
clear material. Because the age-dating result could enable
us to better constrain the origin of unidentified material,
which is recognized as an important parameter for nuclear
forensics.

The isotope dilution mass spectrometry (ID-MS) meth-
od is recognized as the most reliable method to estimate
234U/%Th ratio for uranium age-dating. The amount of 24U
and #Th in a uranium material are respectively measured
by ID method using spikes (*33U and ?*Th). The isotopic
equilibrium between the isotopes in-situ the sample and
added spikes is assumed in ID method. In order to obtain the
accurate concentrations of 2**U and *°Th, the precise meas-
urement of sample weight and the control of spike concen-
tration are necessary.

We have developed a new method to estimate 2**U/?°Th
ratio without spike addition for uranium age-dating. In this
method, using secular equilibrium between 233U and 234Th
(®¥Th/*8U = 1.45 E-11), 4U/*Th ratio is calculated from
measured isotope ratios of U (>**U/?**U) and Th (**°Th/>**Th).

20 mg of LEU was dissolved in nitric acid, and Th frac-
tion was purified with two steps anion exchange column.
The decontamination factor of the two steps anion exchange
was estimated to be 10-''. The total time of purification of
Th fraction was 6h. The remaining U in the Th fraction was
further separated in filament heating step using the differ-
ence of optimum ionization temperature between U and
Th at TIMS measurement. At the beginning of Th isotope
measurement, the ion count of 2*U was estimated to be be-
low detection limit from 2**U ion counts (typically <100 cps).
The estimated 2*U/*Th ratios by this new method were
agreed with the result of ID-MS method within the differ-
ence of 3-5%.
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COMBINATORY USE OF TOF-SIMS AND SECTOR-FIELD SIMS
IN THE PRELIMINARY ESTIMATION OF ELEMENTAL AND ISOTOPIC COMPOSITION

OF NUCLEAR FORENSIC SAMPLE

Jinkyu Park'*, Tae Hee Kim', Sang Ho Lim" ?, Chi-Gyu Lee', Sun Ho Han', Kyuseok Song!

"Nuclear Chemistry Research Division, Korea Atomic Energy Research Institute, Daejeon, Korea, *e-mail: jinkul004@kaeri.re.kr
2Department of Radiochemistry and Nuclear Nonproliferation, University of Science and Technology, Daejeon, Korea

Keywords: TOF-SIMS, sector-field SIMS, nuclear forensic analysis

Nuclear forensics is the complete scientific analysis of nu-
clear or other radioactive material, providing insight to ori-
gin and history of the material. Many analytical techniques
including SEM-EDS, TIMS and ICP-MS have been em-
ployed to investigate the material of interest acquiring mor-
phological data, elemental composition and isotopic ratio,
etc. Among others, SIMS has been very useful for isotopic
analysis of nuclear materials, because of its pg-level sensi-
tivity, and of fast and easy sample measurement compared
to other techniques. A type of SIMS commonly used in
nuclear forensic analysis is sector-field SIMS (SF-SIMS)
which is capable of isotopic measurement for selected ele-
ments with high sensitivity, and with high lateral and depth
resolution. Since the instrument analyzes isotopes one by
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one while varying magnetic field, it is not appropriate for
scanning a wide range of masses to investigate an unknown
sample. TOF-SIMS is another type of SIMS which is able
to analyze a full range of masses from one to thousands
simultaneously, although it has relatively low sensitivity.
In this study, a combinatory use of these two types of SIMS
was tested for nuclear forensic analysis. TOF-SIMS and
SF-SIMS with APM (Automated Particle Measurement)
mode were used to investigate simulated samples contain-
ing uranium particles and other metal elements such as
molybdenum, gadolinium and lead, which possibly co-exist
in the nuclear samples. The results demonstrated that both
techniques together provide preliminary information for the
nuclear forensic analysis.

THE STATE OF PRACTICE AND ART OF NUCLEAR FORENSIC ANALYSIS:
HIGHLIGHTS FROM THE 4TH COLLABORATIVE MATERIALS EXERCISE (CMX-4) OF THE
NUCLEAR FORENSICS INTERNATIONAL TECHNICAL WORKING GROUP (ITWG)

Jon M. Schwantes', Olivia Marsden’

"National Security Directorate, Pacific Northwest National Laboratory, Richland, WA, USA, e-mail: jon.schwantes@pnnl.gov

2AWE, Aldermasten, UK, e-mail: Olivia.Marsden@awe.co.uk

Keywords: nuclear forensics, Nuclear Forensics International Technical Working Group (ITWG), Collaborative Materials Exercise (CMX-4)

Founded in 1996 upon the initiative of the “Group of 8”
governments (G8), the Nuclear Forensics International
Technical Working Group (ITWG) is an ad hoc organization
of official Nuclear Forensics practitioners (scientists, law
enforcement, and regulators) that can be called upon to pro-
vide technical assistance to the global community in the
event of a seizure of nuclear or radiological materials. The
ITWG is supported by and is affiliated with nearly 40 coun-
tries and international partner organizations including the
International Atomic Energy Agency (IAEA), EURATOM,
INTERPOL, EUROPOL, and the United Nations Interre-
gional Crime and Justice Research Institute (UNICRI). Be-
sides providing a network of nuclear forensics laboratories
that are able to assist the global community during a nuclear
smuggling event, the ITWG is also committed to the ad-

vancement of the science of nuclear forensic analysis, largely
through participation in periodic table top and Collaborative
Materials Exercises (CMXs). Exercise scenarios use “real
world” samples with realistic forensics investigation time
constraints and reporting requirements. These exercises are
designed to promote best practices in the field and test, eval-
uate, and improve new technical capabilities, methods and
techniques in order to advance the science of nuclear foren-
sics. Past efforts to advance nuclear forensic science have
also included scenarios that asked laboratories to adapt con-
ventional forensics methods (e.g. DNA, fingerprints, tool
marks, and document comparisons) for collecting and pre-
serving evidence comingled with radioactive materials.
The ITWG recently completed its 4th CMX in the 20 year
history of the organization. This was also the largest materi-



80

RANC2016 + 10-15 April, 2016 * Budapest, Hungary

als exercise to date, with participating laboratories from 16
countries or organizations. Three samples of Low Enriched
Uranium were shipped to these laboratories as part of an illicit
trafficking scenario, for which each laboratory was asked to
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conduct nuclear forensic analyses in support of a fictitious
criminal investigation. An objective review of the state of
practice and art of international nuclear forensic analysis based
upon the outcome of this most recent exercise is provided.

MEASUREMENT AND ASSESSMENT OF NUCLEAR TESTING FALLOUT

IN THE SOUTHWEST UNITED STATES

Robert Steiner'*, Stephen LaMont!, William Eisele?, Philip Fresquez®, Michael McNaughton?, Jeffrey Whicker?

"Nuclear and Radiochemistry, Los Alamos National Laboratory, Los Alamos, NM, USA, *e-mail: steiner@lanl.gov
2Environmental Stewardship Services, Los Alamos National Laboratory, Los Alamos, NM, USA

Keywords: global fallout, isotopic signature

During the past 70 years approximately 12,000 TBq of plu-
tonium has been distributed throughout the global bio-
sphere by atmospheric thermo nuclear weapons testing. The
resultant global plutonium fallout 24°Pu/?3°Pu atom ratio is
0.176 + 014. The make-up of global fallout results from a
complex mixing in the atmosphere whose 2*’Pu/>*°Pu atom
ratio is a function of the design and yield of the devices
tested. However, the 2*°Pu/°Pu atom ratio at any location
may differ significantly from the global fallout value. Pluto-
nium has also been released regionally by discharges and
accidents associated with the commercial and weapons
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related nuclear industries. At many locations contributions
from this plutonium significantly perturb the 2*°Pu/*°Pu
atom ratios from those observed in global fallout. We have
measured the 2°Pu/?3Pu atom ratios in environmental sam-
ples collected from many locations in North America. This
presentation will summarize the analytical results from
these measurements. Special emphasis will be placed on
interpretation of the significance of the 2*°Pu/>**Pu atom
ratios measured in environmental samples collected in the
western portions of the United States.

IRMM-1000A, IRMM-1000B AND REIMEP-22 - IMPROVING THE METROLOGICAL BASIS

FOR URANIUM AGE DATING

C. Venchiarutti'*, Z. Varga®, S. Richter!, R. Jakopic!, A. Nicholl’, J. Krajko?, K. Mayer?, Y. Aregbe!

'European Commission, Joint Research Centre (JRC), Institute for Reference Materials and Measurements (IRMM), Retieseweg 111,

B-2440 Geel, Belgium, *e-mail: Celia. VENCHIARUTTI@ec.europa.cu

2European Commission, Joint Research Centre (JRC), Institute for Transuranium Elements (ITU), P.O. Box 2340, 76125 Karlsruhe, Germany,

e-mail: Zsolt. VARGA @ec.europa.cu
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In support to the Nuclear Forensics, in particular to the
International Technical Working Group (ITWG), the Insti-
tute for Reference Materials and Measurements (IRMM)
and the Institute for Transuranium Elements (ITU) of the
Joint Research Centre of the European Commission (EC-JRC)
joined efforts to produce two uranium reference materials
(CRM) certified for the production date, IRMM-1000a and
IRMM-1000b, based on the #°Th/?**U radiochronometer.
These CRMs were prepared from low-enriched uranium
m(*°U)/m(U) of 3.6% by a complete separation of all thori-
um decay products as verified by gamma spectrometry and
mass spectrometry at a well-known time, which is referred
to as the certified production date of IRMM-1000a and

IRMM-1000b. The elapsed time since the production date,
commonly referred to as the “age” of a material is measured
in nuclear forensics among other parameters to support the
identification of the origin of an unknown material. There-
fore CRMs such as IRMM-1000a and IRMM-1000b are in-
dispensable for the establishment of the accurate age of a
nuclear material using validated mass spectrometric or ra-
diometric techniques. The preparation and certification of
these materials were done in compliance with ISO Guide
34 and ISO 17025, including characterisation, homogenei-
ty and stability studies on randomly selected units to estab-
lish the certified value and its final expanded uncertainty.
The certified reference material is available as dried uranyl
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nitrate in two sizes: 20 mg (IRMM-1000a) for mass spec-
trometric techniques and 50 mg uranium for radiometric
techniques (IRMM-1000b). The certified value for the pro-
duction date for both materials is the 9" July 2012 with an
expanded uncertainty of 13 days (k = 2).

Prior to the release of the CRMs, the REIMEP-22 inter-
laboratory comparison on ‘U Age Dating — Determination
of the production date of a uranium certified test sample’
was organised using the same material. This was the first

exercise of this kind and included the participation of
eleven international laboratories, six of them were part of
the ITWG. The individual results of the participants were
evaluated against the certified production date and the
laboratory performances evaluated according to ISO 13528.
In general the laboratories performed well in REIMEP-22
considering the analytical challenge to accurately date a
young uranium sample with a very low amount of radio-
genic thorium present.

Nuclear instrumentation and methodology
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GAMMA?/PIPSBOX: A HIGH EFFICIENCY AND HIGH RESOLUTION ELECTRON/PHOTON
SPECTROMETER FOR RADIOXENON TRACE DETECTION

Antoine Cagniant™®, Gilbert Le Petit, Philippe Gross, Olivier Delaune, Guilhem Douysset
CEA, DAM, DIF — F91297 ARPAJON (France), *e-mail: antoine.cagniant@cea.fr
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For the verification of the Comprehensive nuclear Test Ban
Treaty (CTBT), the measurement of fission products trace
levels in the environment is fundamental. Such measure-
ment is a key indicator of a nuclear explosion. For constant
amelioration of these measurements, the CEA/DAM-Ile de
France has developed and installed a new dedicated surface
spectrometer. Named Gamma?, it is equipped with three
germanium detectors and includes an optimized shielding
(see Fig. 1). It can be coupled to a dedicated gas cell fitted
with two silicon detectors (the PIPSBox detector) for radio-
active noble gases (see Fig. 2).

This shielding reduces greatly the interference of envi-
ronmental photons, muons and neutrons with the detectors.
The residual radiological background measured inside the
shielding is the community’s lowest for a surface laboratory.
This set of high energy resolution detectors allows the oper-
ator to optimize a measurement according to the sample ge-
ometry, activity or nature. In the case of radioactive noble
gas quantification, photon/electron coincidence measure-
ments are performed.

Fig. 1. The GaMMA® spectrometer

Combining optimized shielding and optimized measure-
ment configuration, Minimum Detectable Activities re-
quired for CTBT certifications are obtained quicker than in
the 6 days recommended by the treaty. Efficiency measure-

Fig. 2. The PIPSBox detector

ment and simulation as well as background measurement
and simulation supporting this point will be presented. Fi-
nally, obtained MDA for 3'Xe, 133mXe, 133Xe and 33 Xe will
be provided.
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IMPROVING RADIO DETECTION FOR HIGH RESOLUTION RADIO-UPLC

Rory de Zanger*, Erik de Blois, Wouter Breeman

Department of Nuclear Medicine, Erasmus MC, Wytemaweg 12, Rotterdam, the Netherlands, *e-mail: r.dezanger@erasmusmec.nl

Keywords: radio detection, resolution, sampling frequency, signal conversion, accuracy, reproducibility

Introduction: The determination of the quality or radiochemi-
cal purity (RCP) of (short lived) radiopharmaceuticals de-
pends on two main criteria: separation method and radio
detection. The first has been thoroughly investigated and is
assumed to be optimised but the latter is not. At least not for
radio-UPLC set-ups. Therefore, investigations were focused
on the radio detection part of the measurement.

Objective: High resolution radio detection measurement
on a chromatograph such as a UPLC is determined by prop-
erties such as sampling frequency (detector electronics and
software), interaction time between radioactivity and detec-
tor, signal conversion and electronics. All these affect param-
eters such as the accuracy, resolution, detection limit and re-
producibility. The aim was to determine the influence of each
factor on the mentioned parameters and optimize the settings
for the properties to improve radio detection measurement.
Thus improving overall quality of the radio chromatogram.

Method & Materials: Our set-up consisted of a Waters
Acquity H-class UPLC system which included a radio de-
tection system consisting of a Nal(Tl) crystal attached to
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either an Osprey multichannel analyser (MCA, Canberra)
and amplifier box (Canberra) or a bPAD/VR single channel
analyser (SCA, Brightspec). In both cases the connection
between radio detection set-up and the UPLC was made
using a Waters E-SAT/IN box. ''In-DOTA?, Tyr3-Octreotate
was the model of choice and analysed multiple times, both
with bPAD/VR SCA or Osprey MCA connected, while var-
ying parameters as mentioned above.

Results: Reduction in number of signal conversion steps
led to reduction in loss of data points. Moreover, the num-
ber of collected data points was increased due to a 2 fold
higher sampling frequency and a longer time of interaction
between radioactivity and detector (2 to 2.5 times longer).
This last parameter also improved the counting statistics in
the measurement.

Conclusion: Replacement of the Osprey MCA with the
bPAD/VR SCA resulted in a decrease in signal conversion
steps and faster overall electronics. All the alteration to the
above mentioned parameters led to an improved accuracy,
resolution, detection limit and reproducibility.

COMPARISON OF TWO SPECTROMETRIC COUNTING MODES FOR FAST ANALYSIS

OF SELECTED RADIONUCLIDE ACTIVITY
Magdalena Diugosz-Lisiecka

Technical University of Lodz, Institute of Applied Radiation Chemistry, Wroblewskiego 15, 90-924 £.6dz, Poland, e-mail: mdlugosz@mitr.p.lodz.pl

Keywords: anticoincidence, Compton suppression

The two counting modes: a normal with a single HPGe
detector and second with the additional anti-compton
shield of the annular Nal(TI) detector have been compared
for fast determination of the activity concentration of thori-
um 22Th in the solid environmental samples including
building materials. The 2*?Th (in secular equilibrium with
228Th) activity concentration was calculated by measure-
ment of its decay products: 21?Pb (238 keV), 21?Bi (727 keV)
and 2Tl (583 keV) as well as 2!Ac (911 keV) content.
Although the Compton suppression mode applied in gam-
ma spectrometry systems in general increase sensitivity
of the analysis. But in case of 583 keV the most abundant
20871 y-line, the significant reduction of photon counting
rate was observed and resulting figure of merit (FOM) was
lower than for normal mode 2%TI counting.

In this study developed anticoincidence system with
a Compton suppression shield integrated with a primary
HPGe detector, which is used for measuring low level activ-
ity in environmental samples has been used. Due to Comp-
ton scattering, only part of initial photon energy is ab-
sorbed within the active volume of the germanium counter.

In routine y spectrometry measurement, *®Ac and/or
212Bi and/or 2%TI and/or 2'?Pb radionuclides are often cho-
sen for this analysis.

The anticoincidence counting mode can substantially re-
duce the count rate of the photons emitted in cascade decay,
particularly for the most abundant (84.5%) 583 keV photons
of 2%8T1. In that case, practically at the same time (which is
shorter than settled anticoincidence intervals), photons with
energies 277, 727, 511 and 2614 keV are simultaneously



ORAL PRESENTATIONS — Nuclear instrumentation and methodology

83

emitted. The high-efficiency y —y coincidence events reject-
ed from the anticoincidence spectrum can significantly dis-
turb regular spectrometric measurements and as a result re-
duce the activity concentration of analyzed radionuclides.

The 232Th radionuclide was measured in various differ-
ent solid materials, including building materials and envi-
ronmental samples. The described procedure makes it pos-
sible to quickly determine the activity concentration of
22Th in small solid (<50 g) samples. The FOM criterion
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was calculated in order to choose the best counting parame-
ters. For the 583 keV line of 2%T1 in single HPGe counting
mode, the FOM criterion achieved the highest value. In AC
mode average only 21% of photons with energy 583 keV
for 2%TI radionuclide in relation to single HPGe has been
identified correctly. Sophisticated electronic AC systems
applied for activity concentration analysis of such radionu-
clides seems to be useless or at best can lead to significant
mistakes in routine analysis.

HPGe DETECTOR FULL-ENERGY PEAK EFFICIENCY CALCULATION
FOR INHOMOGENEOUSLY ACTIVATED SAMPLES

Lojze Gacnik!?, Radojko Jacimovic!?

'Department of Environmental Sciences, Jozef Stefan Institute, Jamova cesta 39, 1000 Ljubljana, Slovenia
2Jozef Stefan International Postgraduate School, Jamova cesta 39, 1000 Ljubljana, Slovenia, e-mails: lojze.gacnik@ijs.si, radojko.jacimovic@ijs.si

Keywords: HPGe detectors, effective solid angle ratio, full-energy peak efficiency, efficiency transfer method

We present and evaluate a program for the semi-empirical
calculation of the full-energy peak efficiency of a hyper-pure
germanium detector, by using the efficiency transfer meth-
od. Using simple Monte-Carlo integration and construc-
tive solid geometry, we are able to calculate the effective
solid angle for a wide range of HPGe detector and sample
geometries. However, the main advancement is including in
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our calculations the inhomogeneity of the sample activity,
caused by the inhomogeneous neutron flux when perform-
ing neutron activation analysis (NAA). This reduces sys-
tematic error in the standard procedure of NAA. To in-
crease usability, the input and output file formats used are
compatible with the program SOLANG, which belongs to
the Kayzero for Windows software.

QUENCHING OF THE SENSITIVITY OF GEL DOSIMETERS AND RADIOCHROMIC FILMS

IN HIGH LET RADIATION

Grazia Gambarini’ 2* Marco Felisi', Gabriele Camoni’, Ivan Veronese' 2

'Department of Physics, Universita degli Studi di Milano, via Celoria 16, 20133 Milano, Italy, *e-mail: grazia.gambarini@mi.infn.it
2National Institute of Nuclear Physics (INFN), Section of Milan, via Celoria 16, 20133 Milano, Italy

Keywords: chemical dosimeters, LET, protons, thermal neutrons

Radiation therapy techniques are in continuous progress,
with particular interest to charged particles such as protons
or carbon ions, exploited in Hydrotherapy, or the particles
generated by the interaction of thermal neutrons with some
specific isotopes, exploited in boron neutron capture ther-
apy (BNCT). The charged particles give the advantage of
achieving well-shaped regions with high dose where the
linear energy transfer (LET), and then the radiobiological
effectiveness (RBE), are high. Owing to the high dose gra-
dients, dosimetry methods for the control of the dose calcu-
lated by treatment planning system require the capability of
spatial dose imaging with high precision and high spatial
resolution. To this aim, chemical dosimeters, as radiochro-
mic films and gel dosimeters, that allow measures of the

spatial distribution of the absorbed dose, are currently stud-
ied to investigate their suitability in these radiation fields.
The main faced problem is the dependence of the sensitivity
of these dosimeters on LET. In fact, for high LET the recom-
bination in the ion track causes a decrease, i.e. quenching, of
the dosimeter response. The difficulty of the problem is in-
creased by the fact that in each position of the irradiated vol-
ume the absorbed dose is the addition of contributions of radi-
ations with different LET values, and then such contributions
should be separated and individually amended. The depend-
ence of the response of the various dosimeters on LET is not
yet fully known and it is now studied by many research groups.

In our laboratory, experiments have been carried out to
investigate the effect of quenching of the response of radi-
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ochromic films irradiated, in a water phantom, with proton
beams of different energies, thus obtaining Bragg peaks at
different depths, and it was evaluated the ratio between the
measured and the absorbed dose as a function of depth for
each energy. A method for correcting the experimental dose
images, taking into account all the proton beams that contrib-
ute to the absorbed dose in each position, is in development.

Other studies are aimed at investigating the quenching
of the response of gel dosimeters irradiated with neutron
beams characteristic of BNCT. In this case the situation is
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different, principally because in each position the absorbed
dose can be due to different charged particles, and the con-
tributions have to be separated, but the charged particles
produced in the reactions of thermal neutrons with a given
isotope have always the same energy, which is locally re-
leased. A method for separating the various dose contribu-
tions by means of gel dosimeters has been developed and
improvements on the precise determination of the under-
response coefficient for the charged particles of interest are
in progress.

CHARACTERIZATION OF HPGe DETECTORS USING COMPUTED TOMOGRAPHY

A. Hedman' 2, J. Bahar Gogani', M. Granstrom’, L. Johansson?, J. S. Andersson’, H. Ramebdick! 3

'Swedish Defence Research Agency, Division of CBRN Defence and Security, SE-90182 Umea, Sweden
2Umed University, Department of Radiation Sciences, Radiation Physics, SE-90187 Umed, Sweden
3Chalmers University of Technology, Department of Chemical and Biological Engineering, Nuclear Chemistry, SE-41296 Géteborg, Sweden
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Computed Tomography (CT) high-resolution imaging
have been used to investigate differences in detector pa-
rameters when cooling a small n-type HPGe detector and a
medium sized p-type HPGe detector to operating tempera-
tures. The findings were compared to calculated linear
temperature expansions of different parameters inside
the detector and detector dimension data made available
by the manufacturer. Parameters investigated were e.g.
the air gap between crystal and end cap. The air gap in-
creased by (0.3840.07) mm for the n-type detector and
by (0.40+0.15) mm for the p-type detector when the detec-
tors were cooled compared to at room temperature. Monte
Carlo calculations indicate that these differences have a
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significant impact on the efficiency in close geometries
(<5 cm). In the energy range of 40-700 keV with a source
placed directly on endcap, the change in detector efficien-
cy with temperature is 1.9-2.9% for the n-type detector
and 0.3-2.1% for the p-type detector. The measured air
gap thickness when cooling the detector was 1.1 mm
thicker than manufacturer data for the n-type detector and
0.2 mm thicker for the p-type detector. In the energy range
of 40-700 keV and with a source on endcap, this result in
a change in detector efficiency of 5.2—7.1% for the n-type
detector and 0.2—1.0% for the p-type detector, i.e. the de-
tector efficiency is overestimated using data available by
the manufacturer.

OPTIMIZED DETECTOR FOR IN SITU LOW ENERGY GAMMA SPECTROMETRY

IN CLOSE GEOMETRIES

A. Hedman'?, G. Afgren’, L. Johansson?, J. Bahar Gogani', H. Ramebdck" 3

'Swedish Defence Research Agency, Division of CBRN Defence and Security, SE-90182 Umed, Sweden
2Umea University, Department of Radiation Sciences, Radiation Physics, SE-90187 Umeé, Sweden
3Chalmers University of Technology, Department of Chemical and Biological Engineering, Nuclear Chemistry, SE-41296 Géteborg, Sweden

Keywords: gamma spectrometry, in situ, low energy, surface contamination, Monte Carlo modelling, MCNP

In situ gamma spectrometry is a fast, important and reliable
method for measurements of radionuclide contaminated sur-
faces. The aim of this work was to find the best possible de-
tector for contamination measurements of low energy gamma
radiation in close geometries. Simulations have been made
using MCNP (Monte Carlo N-Particle code) where different
detector parameters e.g. window material and crystal size,

have been varied to find the best combination from a sensi-
tivity point-of-view for close measurements of a contami-
nated surface with a background spectra of natural radionu-
clides. The detection limit and the minimum detectable
activity (MDA) was calculated. The detection limit increas-
es with larger crystal diameter and thickness while the MDA
decreases with larger diameter and thinner crystal.
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LIMITATIONS OF GAMMA-RAY SPECTROMETRY IN THE QUANTIFICATION OF 28U
AND 22Th IN RAW MATERIALS AND BY-PRODUCTS

Young-Yong Ji* Chang-Jong Kim, Kun Ho Chung, Jong-Myoung Lim, Hyuncheol Kim,

Geun-Sik Choi, Mun Ja Kang

Korea Atomic Energy Research Institute, Daejeon 305-353, Republic of Korea, *e-mail: yyji@kaeri.re.kr

Keywords: gamma-ray spectrometry, 238U, 2?Th, density, disequilibrium, raw materials, by-products

According to the protective action guidelines of the Nu-
clear Safety and Security Commission (NSSC) in Korea,
concerns regarding the radioactivity of naturally occurring
radioactive materials (NORM) are increasing to protect
the public from them. Therefore, the concentration of 238U,
232Th, and %K in raw materials and by-products is regulat-
ed and managed in a domestic distribution. Because gam-
ma-ray spectrometry is widely used to analyse those nu-
clides in NORM samples owing to the time and cost
constraints, the evaluation of its accuracy is overlooked
even though the method of validation using a gamma-ray
spectrometry, such as accuracy, precision, and ruggedness,
has been well established. In particular, the analysis of 233U
and 22Th using gamma-ray spectrometry demands an indi-
rect measurement of their progenies under the secular
equilibrium state between those nuclides and their own
progenies in a sample. However, this equilibrium in raw ma-
terials and by-products can be easily broken due to the arti-
ficial process of manufacturing those materials into pro-
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cessed products, such as chemical treatment, owing to the
difference in the solubility of nuclides, which is called ele-
mental fractionation. In this study, two CRMs, NBS SRM
600 (Bauxite) and NIST SRM 1633c (Coal fly ash), were
first analysed using gamma-ray spectrometry and an ICP-
MS. Reliable results of #¥U and #*?Th using gamma-ray
spectrometry could be achieved compared with ones of
ICP-MS. This means gamma-ray spectrometry still has an
effect on the assessment of natural radionuclides in NORM
samples in the case of no chemical treatment. However,
when real samples for raw materials and by-products in a
domestic distribution were analysed through aforemen-
tioned methods, the difference between the two methods
was distinctly shown, especially in the 22Th. This means a
radioactive evaluation of 2*U and 232Th using gamma-ray
spectrometry can then induce serious errors in the case of
chemically processed products from raw materials and
by-products.

DEVELOPMENT OF GAMMA RAYS IMAGE PLATE FOR SINGLE PHOTON COUNTING USING

PLASTIC SCINTILLIATOR

Jiseok Kim, Gwang Min Sun, Hani Baek, Sy Minh Tuan Hoang
Korea Atomic Energy Research Institute (KAERI), 111, Daedeok-Daero, 989 Beon-Gil, Yuseong-gu, Deajeon, Republic of KOREA,

e-mail: geesuck@kaeri.re.kr

Keywords: gamma, imaging, scintillator, single photon counting

The array of thick scintillator has been widely used for
getting a high energy of gamma-rays or a high efficiency
gamma-ray imaging. Two dimensional distributions of gam-
ma-rays can be analyzed by applying a small piece of scin-
tillator with a density arrangement. However, one of the
drawbacks in the application of the thick scintillator is that
secondary radiations are generated by a Compton scatter-
ing effect from the initial position. This problem is a rea-
son cause to reduce the quality of image.

The Compton noise in the gamma-ray imaging was re-
duced by applying the single photon counting method with
a coincidence analysis between each scintillator.

The results of this study suggest using the PET-like im-
age plate in the gamma-ray imaging. It is determined that
the high resolution can be achieved by limiting the second-
ary radiation events in the gamma-ray imaging.
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DIRECT MEASUREMENT OF CORRECTION FACTORS FOR GAMMA-GAMMA

TRUE-COINCIDENCE

Andras Kocsonya®, LaszIlo Lakosi, Koppany Pazman, Zsuzsanna Kovacs
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Gamma-spectrometry analysis of low activity samples re-
quires detectors with large active volume and close sam-
ple-detector geometries. In case of multi-line gamma-emit-
ters the true gamma-gamma coincidence effect became
rather significant, therefore correction procedures are neces-
sary both for efficiency calibration and for precise activity
measurements. There are several experimental and mathe-
matical methods are available for coincidence correction,
however all of them have their limitations which restricts
the precision or make difficult to transfer the correction
to other cases. A new method is developed which gives di-
rectly the count-loss ratio caused by the true coincidence
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effect. Our method is based on a calibration with multi-
line gamma-emitter to be analysed together with a single
line emitter applied as coincidence-less marker. This test
sample is measured in different geometries extending from
close to far enough geometries, where the true coincidence
effect is negligible. The decrease of intensity ratio between
the multi- and single-line gamma-emitter directly refers to
the coincidence-loss.

The method is demonstrated on “Co, '"""Ag and 2'Bi
nuclides measured on coaxial and well-type gamma-detec-
tors with 30—60% relative efficiencies.

CHARACTERIZATION OF NUCLEAR FUEL ASSEMBLIES BY GAMMA-RAY SPECTROMETRY

Péter Volgyesi*, Andras Kocsonya, Istvan Almasi, Zoltan Hlavathy, LaszIo Lakosi

Nuclear Security Department, Hungarian Academy of Sciences, Centre for Energy Research, Konkoly-Thege Miklos ut 29-33, 1121 Budapest,

Hungary, *e-mail: volgyesi.peter@energia.mta.hu

Keywords: fresh and spent fuel, non-destructive analysis, enrichment, burn-up

While destructive methods are not recommended to char-
acterize nuclear assemblies due to radiation protection and
other practical reasons, high-resolution gamma-spectrom-
etry (HRGS) is a suitable analytical tool. Both fresh and
spent fuel assemblies of VVER-440 reactors at Paks
Nuclear Power Plant (NPP) were measured by using this
non-destructive method. It provides an independent enrich-
ment verification of fresh fuel and supports nuclear inven-
tory for nuclear safeguards aspects. In the case of spent
fuel analysis it helps to optimize the fuel operation allow-
ing better approach of burn-up limits, detects possible burn-
up anomalies (e.g. neutron distribution anomaly within
the reactor) and also supports nuclear inventory.

Fresh fuel measurements were carried out in the fresh
fuel storage of the power plant by a 95 cm? HPGe detector,
placed to the detector holder rack at the half-height of

the assembly. This method enables the measurement of the
outer fuel pins in an assembly in different rotating angles
(0°, 120°, —120°) with 3.8% and 4.2% enrichment. Enrich-
ment verification relied on the measurement of the 186 keV
energy gamma-rays of 23U, as compared to reference as-
semblies of 1.6% and 2.4% enrichment. Laboratory meas-
urements and Monte Carlo simulations were also carried out
to determine how many pins in which row with different
enrichment can be detected by the detector.

The burn-up measurements were carried out by a 45 cm?
HPGe detector placed behind a collimator built into the
concrete wall of the service pit. Spent fuel assemblies were
transported to measurement position and moved up and
down as well as rotated under water by the refueling ma-
chine in the front of the collimator hole. Assemblies with
different burn-up and cooling time were selected and ana-
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lyzed with different rotating angles. *’Cs activities and
134Cs/137Cs activity ratios were measured (662 keV of 1¥’Cs
and 605 keV and 796 keV of '*#Cs) and also calculated the-
oretically. The measured parameters are proportional to the
burn-up of the fuel, therefore correlation between meas-
ured activities/ ratios and calculated burn-out confirms the
validity of burn-up calculations.

This method is applicable to determine the uranium en-
richment (in %) of fresh fuel assemblies with 0.05% abso-
lute error (20).
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On the basis of the comparison made among measured
results of the assemblies, the dispersion of Cs ratios varied
between 1-3% in the case of assembly groups of higher
burn-up and shorter cooling time.

These results verify the versatility of gamma-ray spec-
trometry also in nuclear fuel operation.

SIMULATION AND FIRST PROOF-OF-CONCEPT OF NEXT GENERATION,
MICRO-ORDER SPATIAL RESOLUTION THERMAL NEUTRON DETECTOR

Xiaodong Zhang'*, Joseph Conner!, Michael Moore!, Harish Bhandari®, Vivek Nagarkar?, Jason Hayward' ?

'Department of Nuclear Engineering, University of Tennessee, TN, USA, 37996, *e-mail: xzhang39@utk.edu

2RMD Inc., Watertown, MA, USA, 02472
30ak Ridge National Laboratory, Oak Ridge, TN, USA, 37831

Keywords: micro-order spatial resolution, thermal neutron detector, CsL: Tl scintillation columnar array, intensified charge coupled device

To unravel and control the complexity that determines func-
tionality at the meso-scale, new imaging tools must be de-
veloped to observe the evolution of defect formation and evo-
lution in situ with micron-order resolution. Thermal neutron
scattering techniques are well appropriate for these kinds of
measurements, especially for the characterization of lithium
and corresponding defects dynamic distribution in lithium
batteries and the hydrogen behaviour inside hydrogen poly-
mer electrolyte fuel cells. But the current, best available
neutron detection system for such applications is fundamen-
tally limited by its spatial resolution. This is mainly caused by
the ranges of the charged particles produced by the neutron
reaction, which occurs in neutron sensitive materials. To
overcome this fundamental limitation, a next generation ther-
mal neutron detector with charged particle tracking capability
is proposed for the first time and is being studied with simula-
tions and experiments. Its tracking capability makes its po-
sition resolution finer than that allowed by the state-of-the-
art, where no tracking is used. The detector consists of a
CsI:Tl scintillation columnar array fabricated by RMD, Inc.,
a microscope objective lens for magnification, and an image
intensified charge coupled device (ANDOR iStar DH334T-
18U-63 ICCD). The CsI:TI scintillation columns have a
diameter of 1 pm, are 100 um in length, and have a pitch of
1.5 um. The gaps among these columns are filled with SLiF

through a chemical vapour deposition process. The whole
detection system has been modelled first with Geant4.
A Hough transform was used to recognize the tracks of tri-
tons and alphas produced in the neutron and °Li reaction.
The reaction location—which is the interface between the
alpha and triton tracks — can be precisely resolved based on
the intrinsic energy loss differences of two different energet-
ic charged particles. Combined both algorithms, the simu-
lated achievable spatial resolution of the thermal neutron
detector is 0.97 um and 0.75 pm FWHM along X- and Y-axes,
respectively. The difference in resolution along different
axes is caused by the asymmetrical structure of Csl columns.
Specifically, this detector has an intrinsic gamma rejection
capability due to their track differences, i.e., electrons pro-
duced by gammas have tortuous tracks; while tritons and
alphas produced by neutrons have straight ones. To further
prove the concept experimentally, the whole detection sys-
tem has been tested at the neutron beamline at Oak Ridge
National Laboratory. The detail experiment results will be
discussed in the full paper and reported on the conference.
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A SIMPLE METHOD FOR REPLACING/COMPLEMENTING THE TRADITIONAL IMAGE
RECONSTRUCTION TECHNIQUES FOR SPENT NUCLEAR FUEL
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For the imaging of spent nuclear fuel originally a set of par-
allel projections (a line integral of an object along a line) is
taken at multiple angles. In mathematical terms this repre-
sents the so-called Radon transform of a two dimensional
object f{x,y). The data are then fed into different reconstruc-
tion techniques such as, Back Projection, Filtered Back Pro-
jection, Maximum Entropy, Neural Networks, Algebraic
Reconstruction Techniques etc. to obtain the two dimen-
sional object f(x,y). To sum it up, all these techniques are
aimed to answer the following question: “If one is measur-
ing outside an object, is it possible to make conclusions
about the inside of the object?”” In most of the cases it de-
pends on the properties of the object itself (scattering and
absorption properties) and the reconstruction technique
used. Interesting to notice is that the methods applied to the
imaging of the spent fuel assemblies are not different from
what is already used in medical field or radio astronomy.
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However, in the medical field the f(x,y)-function (object) is
assumed to be unknown and therefore, can not be represent-
ed in a form of a simple analytical expression. In our view it
is not the case of spent nuclear fuel. Therefore, we elaborate
on this assumption taking into account the specific nature of
the imaging task of the spent nuclear fuel. In particular, the
fact that all spent fuel assemblies have fixed geometry al-
lows us to describe the function f{x,y) (our object) in a sim-
ple analytical form, as a sum of Gaussian functions with
specific intensity (b,k) and positions (xi,yi). The Radon
transform of this function (data measured around an object
at different angles and positions) can be easily calculated. In
the case of the gross, partial and bias defects present, “the
experimental” Radon transform (sinogram) will differ from
the one which is predicted theoretically. Thus, the presence
of defects can be determined. This paper describes theoreti-
cal and numerical investigations of this method.

DETECTION OF ACTINIDES WITH GALLIUM NITRIDE ALPHA PARTICLE DETECTOR

Padhraic Mulligan’, Max Chaiken!, Michael Simpson®, Tom Blue', Lei Cao'*

"Nuclear Engineering, Department of Mechanical Engineering, The Ohio State University, Columbus, Ohio, USA, *e-mail: Cao.152@osu.edu
2Department of Metallurgical Engineering, University of Utah, Salt Lake City, USA

The vulnerability of a closed fuel cycle comes from the
risk of diversion of special nuclear materials (SNM) for
ill-purposed use. The ability to monitor actinides to prevent
and detect the misuse of SNM throughout the fuel cycle is
of paramount concern to global security. There is a critical
need to monitor the concentration of actinides in the salt,
and preferably this monitoring should involve an on-line
monitoring method. While many other approaches have
been proposed and are promising, none have yet been prov-
en to be both practically implementable and sufficiently ac-
curate. We have fabricated sensor prototypes based on galli-
um nitride (GaN) for measurement of actinide concentrations
in molten salt in high temperature. The novel approach us-
ing in-salt electro-deposition to pre-concentrate salt onto

sensor before measurement will greatly increase the accura-
cy in actinides quantification for use in material accounting.
We have electrodeposited a thin film actinide from high
temperature salt ontoa 1 cm x 1 cm x 0.1 cm tungsten sub-
strate to use as a testing source for the sensor response. Less
than a gram of U-238 and less than a gram of Th-232 depos-
ited on the surface produces an aerial source activity of
0.1 uCi. A group GaN schottky structure devices have
been fabricated from a wafer of carrier concentration at 10'4
cm. Sensor is fully depleted and alpha spectroscopy can
be used to determine the amounts of actinide isotopes in the
deposit. This can then be correlated back to the concentra-
tion of these actinides in the salt. The benefit over voltam-
metry using alpha spectroscopy is improved ability to
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quantify specific actinides that might have similar electro-
chemical reduction potentials and even isotopes that are
electrochemically indistinguishable. Notably, the sensor is
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reusable; because the actinide film on the detector can be
reversibly removed through application of an oxidizing
potential after the sensor is placed back into the salt.

INFLUENCE OF Bi X-RAYS ON URANIUM ISOTOPE RATIOS DETERMINED

BY GAMMA SPECTROMETRY

Tomas Riither' 2, Jozsef Zsigrai', Tam Cong Nguyen’, Andrey Berlizov*

'EC Joint Research Centre - Institute for Transuranium Elements, Karlsruhe, Germany

2University of West Bohemia, Faculty of Electrical Engineering,Department of Electrical Power Engineering and Ecology, Pilsen, Czech Republic
3Centre for Energy Research of the Hungarian Academy of Sciences (EK), 1525 Budapest 114, P.O. Box 49, Hungary

“International Atomic Energy Agency, Vienna International Centre, PO Box 100, 1400 Vienna, Austria
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The isotopic composition of uranium for safeguards pur-
poses is often determined from its gamma spectrum using
the MGAU or FRAM software codes. Both codes can pro-
vide, in principle, results with relative accuracies close to
1%. However, if X-ray fluorescence peaks of Bi are present
in the gamma spectra, biases of up to 7% have been ob-
served. The most common origin of Bi X-rays in the spec-
tra of uranium is the presence of Bi in the detector, in the
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sample cladding or in the sample itself. In this work we de-
termined the bias of the 23U enrichment given by MGAU
and FRAM as a function of Bi mass present in the measure-
ment setup. We also propose a solution for removing this
bias from the results of FRAM. For accurate measure-
ments of the >°U enrichment by MGAU and FRAM the
presence of Bi should be avoided. If this is not possible,
the corresponding bias has to be taken into account.

A COUPLED FRAMEWORK TO ESTIMATE URANIUM MULTIPLICATION
AND ENRICHMENT IN TAGGED NEUTRON MEASUREMENTS

Matthew Tweardy'*, Seth McConchie?, Jason P. Hayward'

'Department of Nuclear Engineering, University of Tennessee, Knoxville, TN, USA, *e-mail: mtweardy@vols.utk.edu
2Nuclear Materials Detection and Characterization Group, Oak Ridge National Laboratory, Oak Ridge, TN, USA

Keywords: uranium enrichment, multiplicity measurements, point kinetics

Coincidence and multiplicity counting techniques are wide-
ly used in the characterization of special nuclear material
for safeguards and arms control applications. Assay of ura-
nium objects presents a particularly difficult challenge in
that it typically requires an active source to induce a meas-
urable coincident neutron signal. Tagged neutron measure-
ment systems currently under development use an associat-
ed particle D-T neutron generator to perform simultaneous
transmission and multiplicity measurements of uranium
objects. We present an extended coupled framework to
calculate the expected reduced factorial moments of the
prompt neutron multiplicity distribution in terms of model
parameters that represent some interesting physical charac-
teristic of a uranium object. The three model parameters
are the probability of a source neutron inducing fission in
the object, the probability of a source neutron (n,2n) interac-
tion in the object, and the object’s total self-multiplication.

The one-group point kinetics model is assumed for the fis-
sion chain propagation within the fissile object. However,
transmission imaging information and knowledge of the
source neutron energy and time-of-flight allow for the
source neutron coupling parameters to be related to the ura-
nium enrichment via attenuation physics.

The three model parameters can be uniquely solved from
three measured values in a tagged neutron measurement.
We demonstrate that using the singles, doubles, and either
the triples or the neutron path length through uranium, deter-
mined from transmission imaging, can be used to numerically
solve for the unique set of characteristic parameters using a
cubic spline fitting algorithm. Data from tagged neutron meas-
urements of enriched and depleted uranium annular castings,
as well as Monte Carlo simulated measurements, are used to
evaluate the accuracy of estimating total self-multiplication
and enrichment using the new framework and methods.
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CROSS SECTION DATA FOR THE PRODUCTION OF THERANOSTIC "MPt VIA

THE DOUBLE NEUTRON CAPTURE IN "*Ir

Nikolay Aksenov*, Sarkis Karamian, Gospodin Bozhikov
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iridium target

The advantage of using the Auger electron emitter '*>™Pt
(T,, 4.02 days) in medical radiotherapeutic applications is
high yield of low energy beta/gamma radiation, where
each decay leads to 33 secondary electrons. Effective ways
for optimization of the Pt isomer yield at low impurity con-
tent must be investigated [1]. Here we report investigation
of the possibility of production of isomer '*"Pt by double
neutron capture by the '*Ir target nucleus with consequent
population of '>"Pt through B-decay. This approach allows
isolation of carrier-free Pt isotopes from the irradiated tar-
get using radiochemical methods. Time-integrated mean
flux of slow neutrons reaches a value of 2.3 x 102 cm2x 57!
at the irradiation port near the active zone of the IBR-2
pulsed reactor of JINR. This is enough to detect the double
neutron capture products by the activation method. We
developed a rapid and efficient method for dissolution of
Ir metal based on anodic dissolution in aqueous solutions
and subsequent chemical separation of '*>™Pt from solution
using extraction chromatography.
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A high capture cross section is deduced in the present
experiment for intermediate radioactive '¥2Ta and '**¢Ir tar-
get nuclides. The "Ta targets were also irradiated over the
experiment as monitor, and they have demonstrated a great
cross section for the second neutron capture by radioac-
tive '82Ta. The cross sections of neutron capture by the
odd-odd radioactive targets, like '**Ir, '%2Ta, and '"*Au, ex-
ceeding 10* b, are of importance for understanding within
the nuclear reaction theory. The determined now cross sec-
tions are enough to evaluate the activity yield at a high neu-
tron flux reactor. The equilibrium activity of '*>™Pt could
reach a level of 1.0 Ci per mg of the '*’Ir target material.
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RESIN AND ITS APPLICATION TO Zr/Y, Ti/Sc AND Ge/Ga SEPARATION
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Zr separation chemistry is of increasing interest in various
domains. Long-lived Zr-93 (t2 = 1.61(6) a, Eb-,max =
90.3(15) keV [1]) frequently needs to be determined in
decommission and radioactive waste samples. It is often

quantified by mass spectrometry, accordingly isobaric in-
terferences and matrix elements need to be removed very
thoroughly before measurement. Zr-89 on the other hand is
gaining more and more interest in immuno-PET due to its
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favorable physical properties (t¥2 = 78.42(13), 100% EC/b+,
Eg=908.97(3) with P =99.03(2)% [1]). It is cyclotron pro-
duced via a (p,n) reaction from natural Y (Y-89) targets.
Hydroxamate based resins as described e.g. by Holland et
al. [2] are frequently used to separate Zr from the Y target
material. The synthesis of the described resin involves the
use of irritating (GHS07) and hygroscopic reagents such as
2,3,5,6-tetrafluorophenol. In order to overcome this draw-
back a stable and ready to use hydroxamate based extrac-
tion chromatographic resin, now commercially available
under the designation of ZR Resin, was developed and char-
acterized. The characterization of the resin included the de-
termination of DW values of selected elements in varying
HCI, HNO3 and oxalic acid concentrations as well as the
determination of its capacity for Zr. Based on the obtained
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data, elution studies were performed in order to find suitable
conditions for the separation of Zr from Y targets, Ti from
Sc targets and Ge from Ga targets, further its potential use as
a support for Ti-44 generators is evaluated. Results of these
studies will be presented.

References

[1] LNHB recommended data, http://www.nucleide.org/
DDEP WG/DDEPdata.htm, accessed 29/07/15

[2] Jason P. Holland, D.Phil, Yiauchung Sheh, Jason S.
Lewis, Ph.D: “Standardized methods for the production
of high specific-activity zirconium-89”, Nucl Med Biol.,
36(7), 2009, 729-739; doi:10.1016/j.nucmedbio.2009.
05.007

PRODUCTION AND SEPARATION OF RADIOACTIVE BERYLLIUM ISOTOPES AT PSI
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The Paul Scherrer Institute operates one of the most power-
ful accelerators worldwide generating 590 MeV protons
with currents up to 2.5 mA. The protons pass several stages
of the facility and are finally guided towards a solid lead
target, where neutrons are produced inside the Swiss neu-
tron spallation source SINQ. Materials in the environment
of the accelerator complex and the SINQ become highly
activated. They contain a number of exotic radionuclides,
which hardly can be produced by other means and are ur-
gently needed in several scientific application fields like
nuclear astrophysics, basic nuclear physics, environmental
science and others.

While "Be (T, = 53.22 d) is currently under investiga-
tion in astrophysical research related to the primordial
’Li problem, the long-lived isotope '°Be (T,, = 1.387 Ma)
is a useful nuclide for geochemical processes relevant in
soil and ice core dating. We here report on the production
and separation of both beryllium isotopes at different stages
of the PSI accelerator complex and will briefly focus on
the production of targets made of these nuclides.

"Be is produced in considerable amounts in the D20
cooling water of the SINQ facility by spallation reactions
on '°0 with the generated fast neutrons. A special by-pass-

filter, consisting of mixed bed ion exchanger, has been in-
stalled into the moderator cooling circuit in order to collect
the wanted activity. A remotely controlled separation setup
has been developed for the purification of several hundred
GBq of "Be in one batch.

Large amounts of ''Be are produced at the PSI myon
production facility by high-energy proton spallation in
polycrystalline graphite. For the extraction of °Be out of
massive amounts of carbon, pyrolysis and a wet chemical
procedure have been tested. Approx. 270 g of graphite from
Target E92, which had received a total proton charge of
29 Ah between 2002 and 2005, have been burned at 1000 °C
in a stream of oxygen. The volatile radioactive oxidation
products *H,O and *CO, were trapped in 3 water bubblers
connected in series. The remainder, a white hygroscopic
solid material mainly consisting of ®’Li,0, *'°’BeO and
1011B,0,, was dissolved in HF and was further purified by
ion exchange chromatography. Radioactive impurities such
as 22Na, 2°Al, #Ti, *Mn, “Co, !°'Rh, '33Ba, '7?Hf and 2/Bi
have been separated from the final product. The purified ma-
terial represents a mixture of approx. 6 mg °Be and 4 mg
(3.8 MBq) '“Be. It is ready to be used for scientific inves-
tigations requiring large amounts of this precious isotope.
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Numerous candidate diagnostic and therapeutic radioiso-
topes in the rare earth region have been identified in the lit-
erature. They can be produced via light charged particle ac-
tivation of rare earth targets and optimization of irradiation
parameters should be based on reliable nuclear reaction
data. Only very few experimental activation cross section
data on these elements were available due to the relatively
rare practical use, the difficult chemical behavior and tar-
getry problems. We initiated a systematic study of proton
and deuteron induced reactions on rare earth elements (in-
cluding a few alpha induced reactions) to investigate pro-
duction routes of medical radioisotopes. Activation cross
sections with proton (80 MeV), deuteron (50 MeV) and al-
pha-particle (40 MeV) beams were measured by using
stacked foil irradiation technique and off-line gamma spec-
troscopy. Among others excitation functions were deter-
mined for formation of 7Lu, '°Yb, '9Yb, 'Er, '°Ho,
161Ho, 132Tb, 13°Tb,'3Sm, “Pm '“Nd- '“Pr medically rele-
vant radioisotopes and for contaminating reactions.

A summary of our earlier investigation will be given and
new data are presented for the Ce+p, La+p, Nd,+p, Tm+d
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and Pr+d reactions. In most cases no earlier experimental
data are available, or only the low energy range was investi-
gated. The data were measured on targets with natural iso-
topic composition. The results help however to estimate
cross sections and impurity levels for highly enriched targets.

The data are compared with the results of theoretical cal-
culations using the ALICE, EMPIRE and TALYS codes.

Low and medium energy charged particle induced reac-
tions are in general not competitive with (n,y reactions
using research reactors, especially for production of long
lived isotopes. It is however impossible to produce signifi-
cant amounts of these products at reactors. The neutron
route is mostly not carrier free and result in low specific
activity, not fulfilling the requirements of nuclear medi-
cine applications.

It should be mentioned the most of these isotopes can
be produced with high yields through high energy spallation
on tungsten and tantalum. Due to the large generated ac-
tivity and the large number of reaction products the specific
product should be separated/purified with a ion mass sep-
arator set up (see ISOLDE-CERN project).

EXCITATION FUNCTION MEASUREMENTS FOR 'Pd PRODUCTION BY DEUTERON BEAMS

IRRADIATION
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Brachytherapy was developed to treat prostate cancer 50
years ago. It consists in the implantation of titanium or
stainless steel seeds containing suitable radionuclides. Now-
adays only three radioactive isotopes are available for use
in low dose rate prostate brachytherapy: '*°I (t,, = 59.4 d,

mean photon energy emitted: 26 keV), '%Pd (t,, = 17 d,
mean photon energy emitted: 19 keV), and *'Cs (t,,=9.7 d,
mean photon energy emitted: 28 keV). '%Pd is an effective
alternative to '>I: the higher photon energy is, the fewer
radioactive seeds are required and, given the differences in
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dose rates, 'Pd may have an advantage for high grade, rap-
idly growing cancer because of its faster dose rate that also
raise concerns for possible differences in normal tissue
complication. So it is important to study the production op-
timization of '%Pd radionuclide.

Nowadays the accelerator production method for '“Pd
is based on the irradiation of rhodium metal with 18 MeV
protons via the '»Rh(p, n)!Pd reaction. We are studying
the production by deuteron beams irradiation.

We present our contribution to the systematic study of the
activation cross-sections of deuteron induced nuclear reac-
tions, with new measurements and dataset, experimentally
determining excitation functions of the '“Rh(d,2n)!*Pd nu-
clear reaction. The stacked-foil activation technique irradi-
ating at different energies thin targets of '*Rh was used. The
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irradiations were carried out at the JRC Cyclotron, Ispra —
VA, Italy and at ARRONAX, Saint-Herblain, France. The
irradiated targets were analysed at LASA Laboratory in Mi-
lano. Due to the half- life of the radionuclide, the first meas-
urements of the samples were generally started few hours or
one day after the end of bombardment depending on the ac-
tivity of the targets. Our new set of excitation function for
this nuclear reaction is compared with the only other three
sets present in literature. The thin-target yields have been
plotted as a function of their average energy into the targets
and were fitted with the best mathematical functions. The
integration of these functions allowed gaining the calculated
thick target yields, in order to find the optimized couple of
energy irradiation and energy loss inside the thick target
to maximize the production of the radionuclide of interest.

THE CHALLENGE OF HIGH PERFORMANCE TARGETS PREPARATION

FOR NUCLEAR PHYSICS EXPERIMENTS
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During the last years the demand for enriched isotopic
thin films used as targets for different types of nuclear struc-
ture experiments, performed at the 9 MV FN tandem accel-
erator in IFIN-HH, Romania and other international re-
search facilities where the research groups have scientific
collaborations, has increased significantly. In present, the
target preparation laboratory from IFIN-HH is developing
and produces thin layers on backings and thin self-support-
ing layers using evaporation in vacuum (thermal evapora-
tion, electron-gun evaporation, sputtering) and rolling meth-
ods [1].

The success of the nuclear physics experiments is strongly
influenced by the characteristics of the used targets (purity,
composition, thickness, uniformity). The above-mentioned
evaporation techniques allow preparation of well-con-
trolled, good quality thin films materials with high vaporiza-
tion temperatures (~4000 °C). However, there is an in-
creased demand for thin films of materials with extremely
high vaporization temperatures in the range of 45005500
°C (e.g. Os, Hf, W). Pulsed lased deposition (PLD) is one of
the most popular and simple technique used for deposition

of thin films of a wide range of materials: it can be applied
to simple metals, binary or multicomponent compounds
(ceramic) layers, polymers, etc. Using this technique thin
film with high density, thickness uniformity on the defined
surface, controllable thickness, high purity and durability
can be obtained [2].

In this research study various types of thin layers of ma-
terials with extremely high vaporization temperatures will
be prepared using PLD technique.

In order to determine the features of the obtained thin
films multiple characterization methods (e.g. RBS, AFM,
SEM-EDX, SIMS, XRD) will be performed.

References

[1] NM Florea et al., The status of the Target Preparation
Laboratory at IFIN-HH Bucharest, Romania, J Radio-
anal Nucl Chem (2015) 305:707-711.

[2] Pulsed laser deposition of thin films: applications-led
growth of functional materials/ edited by Robert Eason,
Published by John Wiley & Sons, Inc., Hoboken, New
Jersey, 2006.



94

RANC2016 + 10-15 April, 2016 * Budapest, Hungary

211

PRODUCTION OF HIGH PURITY LANTHANIDE ISOTOPES FROM THE SPONTANEOUS

FISSION OF Cf-252
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The global national security community needs certified ref-
erence materials to develop detection methods and verify
confidence in non-proliferation, counter-proliferation, and
nuclear forensics measurements. The sparse availability of
fast fission sources in the United States makes the develop-
ment of isotope mixtures emulating the fast fission spectra
of uranium and plutonium an interesting research chal-
lenge. To address this challenge, I[daho National Laboratory
is pursuing the collection and purification of isotopes
from the spontaneous fission of Cf-252; a readily available
source of isotopes over the mass range of 70—170 amu that
does not require reactor irradiation of fissionable materials.
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Successful deployment of this research presents several
challenges including 1) carrier-free isolation of single iso-
topes from the complex isotope mixture generated by
Cf-252, 2) efficient and rapid isotope purification to ensure
provision of short-lived fission products, and 3) develop-
ment of analytical methods to enable efficient, quality anal-
ysis of the purified products. This work reports a method
combining extraction chromatography with high perfor-
mance liquid chromatography (HPLC) to perform rapid,
quantitative purification of carrier free quantities of lantha-
nide fission products collected from Cf-252 for addition to
working materials used to enhance nuclear forensics analysis.

STANDARDISATION OF A %¥(Ge+Ga) SOLUTION WITHIN

THE CCRI(I)-K2.Ge68 KEY COMPARISON

Maria Sahagia*, Aurelian Luca, Andrei Antohe, Mihail-Razvan loan, Constantin Ivan
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Keywords: PET *Ga radiopharmaceuticals,’®(Ge — Ga) generator, absolute and relative standardization of solution, CIPM-MRA, key comparison,

international equivalence

%Ga, a short half life radionuclide, decays both by electron
capture and positron emission and is used as a radiophar-
maceutical in PET investigations. It is the daughter of
%Ge, decaying by pure electron capture; this is the reason to
prepare *(Ge — Ge) generators and to elute ®Ga from them
in nuclear medicine units. On the other hand, a standard
solution of this mixture, at equilibrium, can be used as a
mock (surrogate) solution for the calibration and check of
the radionuclide calibrators, measuring '"C, N, 3O, 8F,
%Ga. For this reason, the international equivalence of the
National or Designated Metrology Institutes standards is
necessary to be established within the international sys-
tem of reference (SIR). On this purpose, it was decided
by the CIPM-CCRI(II) to organise a type Il key-compari-
son, codified as CCRI(II)-K2.Ge68. The pilot laboratory,
who prepared the solution, sent it to the participant labora-
tories, and engaged himself to gather the comparison reports
and process the measurement data in cooperation with BIPM,
was NIST-USA, responsible person, Dr. Jeffrey Cessna.

Our laboratory took part in the comparison and report-
ed the measurement results. Four methods of standardisa-
tion were used on this purpose: the absolute methods (i)
the 4yB(PC)-y coincidence method, efficiency extrapolation
variant, using the previous experience in the field [1, 2]
and improving it, (ii) the liquid scintillation counting in the
variant of triple to double coincidence ratio (LSC-TDCR),
and the relative methods using calibrated secondary instal-
lations — (iii) gamma-ray spectrometer [3] and (iv) well-
type ionisation chamber [4].

The paper describes all the measurement methods and
their specific problems which were overcome. The final re-
sults, mean activity concentration of the solution (kBq g™')
and its uncertainty, were calculated and reported to NIST,
from all results of the four methods. The new method “pow-
er moderate weighted mean (PMM)” used by the CCRI(II)
to calculate the key comparison reference value (KCRV)
and its standard uncertainty within key comparisons [5] was
used. The standardization results will be presented in rela-
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tive figures, taking as reference the 4yp(PC)-y result (taken
as 100 kBq g') because the comparison result is not yet
published.

References

[17 E.L. Grigorescu, A. Luca, et al. Appl. Radiat. Isot.
60(2004)429-431.

[2] M. Sahagia, A. Luca, A. Antohe, C. Ivan. Appl. Radiat.
Isotopes70, 9(2012)2025-2030.

74

[3] A. Luca, M. Sahagia, A. Antohe. Appl. Radiat. Isotopes
70,9(2012)1876-1880.

[4] M. Sahagia, A. Luca, et al. Appl. Radiat. Isotopes
68(2010)1266-1269.

[5] CCRI(IT)-13-37.CCRI(IT) decision on the evaluation
of the Key Comparison, 2013.

CONVERSION OF HIGH-ENRICHED (98.5%) **MoF, TO **Mo AND **MoC NANOCRYSTAL

TARGETS IN RF PLASMA

Petr Sennikov'*, Roman Kornev', Dmitry Chuvilin’

'Plasma-Chemistry Department, G.G. Devyatykh Institute of High-Purity Substances of RAS, 49 Tropinin Str., 603950 Nizhny Novgorod,

Russian Federation, *e-mail: pgsen@rambler.ru

2National Research Centre “Kurchatov Institute”, Kurchatov Sq. 1, 123182 Moscow, Russian Federation, e-mail: Chuvilin DY @nrcki.ru

Keywords: molybdenum isotopes, plasma chemical conversion, molybdenum hexafluoride

The most popular radio-pharmaceutical drugs based on
PmTc are originated by *Mo with half-life of 66.02 hours.
The reactor Mo production method, which is based on
high enrichment 23U nuclear fission process, is the only
commercial one. But then, a lot of reactors which work
on HEU fuel are closing nowadays as a result of a worlds’
modern global nuclear safe policy. The radioactive capture
method of Mo production from *®Mo targets is very prom-
ising among all other non-reactor alternatives. It uses the
following reaction:

%Mo(n,y)*Mo — B-decay — T (1)

A new *Mo production method, based on nuclear reaction
(1) using structured molybdenum (preferably *®Mo isotope
containing) nanoparticles as target material, was proposed
in “Kurchatov institute” National Research Centre. Calcula-
tions have been shown that in case of constructing of a spe-
cial target consisting of 10 nm nanoparticles of molybde-
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num or molybdenum-containing compounds surrounded
by binding buffer will be able to localize Mo recoil atoms
in this buffer during the radioactive process and separate
them from the target material.

In this paper the first step of the process, (1), namely, the
production of **Mo isotope particles in form of metal and
%MoC compound from enriched **MoF, is described. The
process of plasma chemical conversion of *®MoF, in RF
(13.56 MHz) capacitive-coupled and arc discharges was in-
vestigated. In both types of discharges the formation of met-
al (bulk) and powder nano-dispersed molybdenum as well
as of fluoromolybdens of *MoF, fluorides was found. The
mechanism of plasma chemical reduction of **MoF, by hy-
drogen under considered experimental conditions was sug-
gested. The isotopic and impurity composition of prepared
nano-powder and bulk samples of **Mo as well as of their
structure was determined. Samples of **Mo isotope and its
carbide ready for neutron irradiation have been prepared.

INVESTIGATION OF CROSS SECTIONS OF DEUTERON INDUCED NUCLEAR REACTIONS

ON NATURAL LUTETIUM

S. Takacs!, F. Tarkanyi', A. Hermanne?, R. Adam Rebeles?
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2Cyclotron Laboratory, Vrije Universiteit Brussel (VUB), Laarbeeklaan 103, 1090 Brussels, Belgium

In a systematic study of light charged particle induced nu-
clear reactions we investigated the excitation functions of
deuteron induced nuclear reactions on natural lutetium tar-
gets. Experimental excitation functions of deuteron induced

reactions up to 50 MeV on high purity natural lutetium were
determined using the standard stacked foil activation tech-
nique. High resolution off-line gamma-ray spectrometry was
applied to assess the activity of each foil. From the measured
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activity independent and/or cumulative elemental or isotopic
cross-section data for production of Hf and Lu radioisotopes
were determined. The experimental data were compared to
the data published earlier by other authors and to results of
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TALYS theoretical code taken from TENDL-2014 database.
Thick target yields for the investigated radionuclides were
calculated from the excitation functions deduced as an analyt-
ical fit to our experimental cross section data points.
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The number of routinely used medical radioisotopes pro-
duced at charged particle accelerators is limited and present-
ly they are mostly based on standard proton cyclotrons with
energies in the 35-40 MeV range. A long list of candidate
and emerging diagnostic and therapeutic radionuclei were
proposed in literature, which are currently in research and
development phase (including optimal production routes).
In the frame of a systematic study we have investigated
possible alternatives to low-medium energy proton produc-
tion routes by using other light charged particles (d,*He-
and a-particle) up to 50 MeV and higher energy protons up
to 80 MeV.

For investigation of production routes of medical radioi-
sotopes with other light charged particles activation cross
section enriched and natural targets of more than 50 ele-
ments were measured in international collaboration.

The deuteron induced reactions were investigated in
more detail for production of ''C, 13N, '8F, 44Sc, 3'Cr , >>Mn,
SSCO 61Cu 62Cu 64Cu 67Cu 66Ga 67Ga 68Ga 75Br 7GBr 77Br
72AS’ 81Rb’ 82mR’b 901\1’b 88Y7 87Y’882r {:9Zr 9:)Y 99’mTC ,103Pd’
110m/;g’ “iAg, 11’0mIn’1;11n’1’13mh’1’ ”4:“In, ,117ms’n’ 123’13 124I:

357

139Ce 140Pr 139Pr 142Pr 143Pr 141Nd 149Pm 14SSm 153Sm 152Tb
lSSTb, 153(’}d lé’lTb ’IGIHO’ 165Er ’169Er ’167Tm ’170Tm 7166Yb,
169Yb’ 177Lu ’178mTa ’186Re 19’2h- l9’1pt 193}’)t 195A1; 198A1’1 199Au,
192, 1’951an1 195gHg” 197ml—ig,197’Hg, ZSITI. ' ' ' '

The investigated reactions based on 3He bombardment
can be useful for production of 3Mn, 3Co, ®Cu, 'Cu, %Zn,
66Ga, ’Ga, %Sr, 22mRb, '93Pd, 10m[ 117mSp, 118Sp, 123], 124],
195mHg  19¢Hg, 1""mHg 19"Hg, while alpha particle induced
reactions were studied for production of the 3K, K, 3?Fe,
SICr SSCO 60Cu 61Cu 67Cu 68Ga 71Ge 72AS 82Sr 892r 97Ru
110mfn, 1“I’n, ”4‘:‘In, II;Sn, IZICS, 1,67Tm: 178m’]:a, 16;Yb, ’172Tm:
77Lu, 19mAu, 8¢Au, '"Au, 2'"At medical radioisotopes.

Higher energy proton (>40 MeV) data were obtained
for production of 3Fe, 3'Cr, %Ga, ’Ga, %Ga, %Cu, Cu,
82mRb, 838y, $87r, 88Y, 3mMo, 110mAg 131Cs, 103P(, 110mp, 111]p,
4m[p 145Sm, 167Tm, 166Yb, €Y, 78 Ta, 167Tm, '©Yb, 12Ir,
191mp¢ 195mpt 198 Ay medically relevant radioisotopes.

New additional experimental data will be presented and
comparison with the standard proton reactions will be given
to show when alternative particles or high energy proton
beam can be considered.
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The “matched pair” concept of radionuclide use is gaining
in popularity, with one radionuclide utilized for imaging
purposes, while another radionuclide of the same element
used in higher doses for the treatment of the diagnosed
tumour. This allows the radiolabelling conditions of the
peptide in question to be consistent, as well as treating the
tumour in the same area as being imaged. Paul Scherrer
Institute (PSI) is concentrating its radionuclide production
and radiopharmaceutical research on this principle.

Radionuclides used for diagnostic purposes (B*-emitters
for Positron Emission Tomography) are typically manufac-
tured using cyclotrons (with the notable exception of *Tc),
while radionuclides used for therapeutic purposes (B~-emit-
ters and many a-emitters) are generally manufactured using
research reactors. As a result, PSI collaborates with other
facilities for neutron irradiation of target material.

Matched pairs under investigation at PSI include **Sc/4’Sc
[1, 2] and '52Tb/'*191Tb [3], with development of chemical
separations, as well as preclinical studies in this regard, on-
going.

#Sc (T,, = 3.97 h, B*-emitter) is separated from its en-
riched Ca target material by dissolving the target in HCI and
passing it through DGA extraction resin [1]. It is eluted and
concentrated using a similar, smaller, resin column, such
that the elution volume is low enough for direct radiolabel-
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ling capability. The product yielded up to 3 GBq *Sc, con-
taining <1% #mSc. A similar separation is utilized for the
4Sc (T,, = 3.35 d, B-emitter) production from enriched
46Ca target material, with yields up to 1 GBq radionuclical-
ly pure product being obtained from ~1 mg target material.
These products have successfully been labelled to DO-
TA-peptides and, subsequently, injected into tumour-bear-
ing mice [1, 2].

Mass-separated beams of “Tb (T,, = 4.1 h, o-emitter)
and 92Tb (T,,= 17.5 h, B*-emitter), respectively, were im-
planted into Zn-coated Au foils. The Tb radionuclides were
dissolved in HNO,/NH,NO,, loaded onto a macroporous
cation exchange resin and the Tb radionuclides eluted using
dilute o-hydroxyisobutyric acid (a-HIBA). The separa-
tions yielded ~100 MBq **Tb and ~500 MBq '**Tb, respec-
tively, both >99% radionuclidically pure. A similar separa-
tion method was devised for '°'Tb, irradiated from Gd
targets utilizing the '°Gd(n,y)'®'Gd—'®'Tb nuclear reaction,
yielding up to 15 GBq radionuclidically pure product [3].
Preclinical studies with these radionuclides are ongoing.
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Monitoring of sulfur levels in fossil fuels is of prime impor-
tance because of the environment impact from emissions.
Mass spectrometric methods have been used at NIST in the
certification of sulfur in residual fuel Standard Reference Ma-
terials (SRMs) at 0.1% to 4% levels, however a second inde-
pendent method is required. The thermal neutron (TN) PGAA
instrument located at beam port VTS5 in the NIST Center for
Neutron Research (NCNR) has long been used in the certifi-
cation of major and minor elements in biologicals, agricultur-
als, and other highly hydrogenous materials, however this
instrument does not have the sensitivity to accurately and rou-
tinely measure sulfur at <1%. Cold neutron (CN) PGAA of-
fers improved sensitivity but has not been previously used at
NIST for certification of elements in hydrogenous materials,

due to the difficulty in calibration of element sensitivities. El-
ement sensitivities in CNPGAA vary more sharply with both
H concentration and geometry than in TNPGAA due to the
added complication of neutron energy change within the sam-
ple. In order to improve both sensitivity and accuracy, a com-
bination of CNPGAA and TNPGAA is being used. Sulfur/
hydrogen mass fraction ratios for fuel oils are measured using
the CNPGAA instrument on neutron guide NGD, which has
20 times the sensitivity for sulfur as the VTS5 instrument, with
mixtures of cysteine/urea/graphite and sodium sulfate/urea/
graphite used as standards. The hydrogen mass fraction is
then measured by TNPGAA using urea and tris(hydroxyme-
thyl)-aminomethane as standards, and the sulfur mass frac-
tion is then calculated using the two data sets. The detection
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limit is approximately 15 pg, with routine measurement of
sulfur at mass fractions down to 0.1% or below possible with
good counting statistics. The combination of instruments has

18

the capability of improving detection limits and accuracy for
certification of minor and trace elements in hydrogenous ma-
terials.
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In-beam activation analysis at MLZ, operated by the Tech-
nical University of Munich has been successfully tested and
introduced for the analyses of different samples even with
masses less than a milligram. The measurement consists of
two parts: 1) a usual PGAA measurement which can partly
be used as the irradiation for the next phase, 2) NAA with
measuring the rest activity of the irradiated sample in the
low-background counting chamber next to the PGAA in-
strument. However, the facility still needs more flexibility to
make possible other types of measurements, too.

Recently, the shielding of the in-beam activation analy-
sis facility has been redesigned, and by the time of the con-
ference it will have been installed. The shielding concept
has not changed; it is going to serve as a flexible set-up ac-
commodating two detectors for occasional gamma-gamma
coincidence measurements with variable sample-to-detec-
tor distances and a radiography camera for neutron-radiog-
raphy-driven PGAA. The sample changer will accommo-
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FAST NEUTRONS FOR PGAA APPLICATIONS
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date 16 samples to enable the measurement of more samples
in one batch which proved to be necessary since the high-
flux irradiation is routinely available. The new sample hold-
ers will be made of thin aluminum frames, and they will be
moved into the beam from a carousel placed above sample
position.

The combination with radiography and detection with
two detectors, also in coincidence mode, will add new fea-
tures to the existing in-beam activation analysis capabili-
ties. The planned second detector will be a planar or other
low-energy detector with a much better energy resolu-
tion than the other one used for PGAA to provide the best
possible separation of low-energy peaks. The gamma-
gamma coincidence option is far from fully utilized in in-
beam analyses, further investigations will be performed in
this area. Radiography-driven PGAA will be useful for
the investigation of complex samples, e.g. archeology ob-
jects.
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Fast neutrons, in contrast to thermal or cold neutrons, have
been used for analytical purposes only exceptionally in the
past. A systematic evaluation of their applicability for
Prompt Gamma Activation Analysis (PGAA) was published
in 1978 by Ahmed et al. [1]. However, with rising interest
in fast reactors and increasing application of neutron gen-
erators for e.g. industrial process control or homeland se-
curity as well as for remote analytical investigations (pros-
pecting, planetary science etc.) inelastic scattering reactions
induced by MeV neutrons gain more attention. Being a
threshold reaction, (n,n’y) cross sections generally are

weaker and do not scatter as much compared to (n,y) of ther-
mal reactions. A well collimated beam of relatively high-
intensity fast neutrons is required for studying inelastic scat-
tering PGAA. A beam ("~10® cm™? s™') of pure fission
neutrons is provided at the Forschungsneutronenquelle
Heinz Maier-Leibnitz (FRM II) at the TUM in Garching.
A well shielded gamma-ray spectrometer was installed at
the beam line SR10 (MedApp) and prompt gamma-ray
spectra from pure element foils were taken and evaluated
against the Demidov compilation [2—4]. Preliminary result
show that energies and intensities of detected gamma rays
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match well for most elements, new gamma peaks have been
recorded in the low and high energy range, neutron absorp-
tion in elements with high (n,y) cross sections (B, Cd, Gd...)
is not a problem, and some critical elements such as P can
be more sensitively be analysed using fast neutrons com-
pared to cold neutron PGAA.

A summary of experimental results using the fission
neutron beam at FRM II for prompt gamma applications
will be given together with relevant background informa-
tion on the set-up of the facility and the spectrum evaluation
so far.
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The new cold-neutron prompt gamma-ray activation analy-
sis (CNPGAA) facility is operational at the NIST Center for
Neutron Research. While awaiting an extension of the in-
strument space, a temporary design employs lithiated ma-
terial (primarily °Li glass and secondarily °Li-containing
polymer sheet) for neutron absorption within the flight tubes
and sample chamber, resulting in low gamma-ray back-
ground since gamma-ray yields are negligible for °Li neu-
tron absorption. However, the predominant °Li(n,0) reaction
produces 2727-keV tritons, leading to triton-induced
fast-neutron emission by °Li and "Li. In this setup, the close
proximity of the °Li-glass beam stop to the high-purity ger-
manium (HPGe) detector — combined with the high ther-
mal-equivalent neutron flux (6.8%10° cm?s') — leads to
high rates of fast-neutron interaction with the HPGe detec-
tor. Consequently, the shielding was designed using Monte
Carlo N-Particle (MCNP) simulations to incorporate bo-
rated polyethylene in the shielding to mitigate HPGe dam-
age by fast neutrons. Candidate materials for a low gam-
ma-ray background facility are typically limited to those
with high °Li or '°B content. While !°B neutron capture pro-
duces 478-keV gamma rays, these are inconsequential with
the beam stop sufficiently-far downstream from the sample
and/or with judicious placement of lead (Pb) shielding.
On the other hand, fast neutrons generated by °Li reactions
are highly penetrating and require hydrogenous-shielding

material for moderation before capture; thus, a gamma-ray
spectrometer would require both gamma-ray and neutron
shielding material for low background. In this work, we
have considered alternative configurations for the beam
stop such that fast-neutron background is reduced while
maintaining low gamma-ray background. Possible configu-
rations employing a borated beam stop downstream from
the sample chamber have been modelled in MCNP to mini-
mize background radiation. Most recently, we envisioned a
novel beam-stop concept consisting of pressurized *He gas
in a container with a thin-entrance window. The benefits of
SHe as a neutron absorber include: 1) high thermal-neutron
absorption cross section (5331 barn), 2) high neutron ab-
sorption-to-scatter ratio, 3) no capture gamma-ray produc-
tion, and 4) orders-of-magnitude lower (than °Li material)
fast-neutron generation. The 3He beam stop has the poten-
tial to reduce engineering and procurement of shielding
while maximizing space for experimental equipment. We
have conducted preliminary tests with an existing *He neu-
tron-polarizer cell (containing 25 atm-cm of *He), which
transmits less than 0.1% of the cold-neutron beam in MCNP
simulations. While the fast-neutron interaction with the HPGe
detector was reduced, the thick (~4 mm) specialized-compo-
sition glass entrance window to the cell increased gamma-
ray background. Further design work will be conducted to
realize an idealized *He module to serve as the beam stop.
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Gold nanoparticles were in situ synthesized via irradiation
process, using PVA, (PVA:Cs), and (PVA:PAM) as host pol-
ymeric matrices. The effect of irradiation dose, polymer
content, polymer combination AgNo,, chitosan, poly acryla-
mide, and pH medium were studied. Gold nanoparticles
(AuNPs) have spherical nanoparticles shape with different
size ranging from 10-35 nm, which were characterized by
ultraviolet-visible (UV-VIS) spectroscopy, X-ray spectros-
copy and transmission electron microscopy. Fourior trans-
form infrared spectroscopy (FTIR) shows the spectral shift
together with reduced intensity of the -OH stretching vibration
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upon incorporation of the Au nanoparticles indicating the
coordination between Au nanoparticles and the OH groups
originating from the PVA chains. The synthesized gold nano-
particles have been successfully applied as a catalyst in the
degradation of methyl orange and methylene blue by NaBH,.
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Superabsorbent hydrogels have a wide array of potential ap-
plications due to their unique properties. While most com-
mercially available superabsorbents are synthetic poly-
mer-based, there is an increasing interest in replacing them
with renewable materials, e.g. cellulose. Usually water-soluble
derivatives are used to avoid the use of special solvents.
Several different methods are available for gel formation.

In our work we prepared superabsorbent hydrogels from
aqueous solutions of four cellulose derivatives (carboxym-
ethylcellulose, methylcellulose, hydroxyethylcellulose and
hydroxypropylcellulose). The samples were crosslinked by

gamma-irradiation. We tried to improve the gelation by re-
placing part of the derivative with acrylic acid. The effect
of various synthesis parameters such as the absorbed dose,
solute concentration and acrylic acid ratio on the gel proper-
ties was determined. The degree of swelling and gel fraction
was used to characterize the crosslinked samples. The gel
composition was determined by FTIR-ATR spectroscopy,
while SEM photographs were used to study the gel mor-
phology. The effect of various parameters such as the pH
and ionic strength of the swelling solution on the gel swell-
ing was also investigated.
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Gel formation occurred even in pure derivative solutions.
Gel properties changed significantly with the absorbed dose
and the solute concentration. Moreover, the derivative type
and the molecular properties also had a major effect on the
gel formation. The gelation required significantly milder
synthesis conditions when acrylic acid was added to the
solutions. Gels prepared from cellulose derivative/acrylic
acid solutions had much higher gel fraction at the expense
of lower water uptake. However, both gel properties could
be improved compared to pure derivative gels in mild syn-
thesis conditions. The addition acrylic acid proved to be
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most effective up to 10%. However, very high acrylic acid
ratio (over 50%) had a negative impact on the gelation.

The swelling kinetics of gels was in-depth studied. The
effect of the solvent properties depended on the derivative
type and equilibrium water uptake. Moreover, the presence
of acrylic acid also had a significant effect on the sensitivity
to these parameters.
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The properties of thermosetting plastics are depended on not
only the materials component but also cross-linked process.
Regarding to the material system of polystyrene and divinyl
benzene, the cross-linked curing process is controlled diffi-
cultly owing to the drastic heat release and huge volume
shrinkage. In this paper, we report the method for controlling
the cross-linked curing process by y-irradiation. The products
perform excellent mechanical strength. The cross-linked
structures were characterized by the Fourier transform in-
frared spectroscopy (FT-IR) and Dynamic mechanical anal-
ysis (DMA). The results of FT-IR showed that, products
possessed of the main structure of linear polystyrene macro-
molecules cross-linked by benzene rings provided by DVB.
The mechanical properties showed close connection with
dose rates and total irradiation doses of y-ray. As the dose
rate increased, the mechanical strength improved firstly and
then dropt. The mechanical strength as a function with total
dose showed the same change trend to the dose rate. The
results of DMA showed that, glass transition temperature
(T,) and storage modulus (E’) of rubbery region both in-
creased firstly and then reduced as the dose rate increased.
The T, and E’ both shifted to high values as the total dose
increased. The crosslinking density of products was calcu-

lated by the storage modulus at the rubber region due to the
theory of rubber elasticity. The calculated results showed
that, crosslinking density increased as the dose rate rose
from 10 Gy/min to 40 Gy/min, and then reduced from 40
Gy/min to 100 Gy/min. This trend was anastomotic to the
changing of mechanical strength. It can be inferred that, the
crosslinking of polystyrene and divinyl benzene was con-
trolled by both radiation energy at unit time and the reaction
time. Low dose rate can provide the sufficient time for chain
segments motion, while the high dose rate is helpful to pro-
vide strong radiation energy for chain scission and combi-
nation. Moreover, the crosslinking density increased as the
total dose increased, which indicated that the enhanced total
dose was beneficial to improving the quantity of crosslink-
ing junctions in the reaction system. However, the mechanical
strength was not increased all along as the crosslinking density
increased, which was due to that the stress was easier con-
centrated on the shortened chain segments as the crosslink-
ing density increased. In summary, the cross-linked process
of polystyrene and divinyl benzene can be controlled by
adjusting the dose rate and the total radiation dose of y-ray.
The product synthesised with 40 Gy/min dose and 34 kGy
total dose rate performs the optimal mechanical properties.
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Antibiotics in general and penicillins in particular are
hazardous water pollutants. Their presence in wastewater
facilitates the spread of antibiotic resistance among sever-
al bacterial species that has a serious impact on human
health. To eliminate the residual antimicrobial activity of
wastewater implementation of advanced oxidation pro-
cesses are recommended. These techniques are based on
the high oxidation power of "OH that is in situ generated
during the treatment.

Advanced oxidation processes are promising technolo-
gies for removal of antibiotic residues from wastewater in
terms of their high efficiency. However, recent studies have
reported the remaining antibacterial activity of the products
at early-stages of treatment on account of ‘OH reactions.
The present study investigates the effect of such products of
model B-lactams (amoxicillin, ampicillin, cloxacillin) on
bacteria. Steady-state y radiolysis techniques were applied
to generate OH in specific quantities.

Radio- and nuclear analytical methods
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Several bioassays were performed at different ‘OH exposures
to monitor the effects of the products on bacterial strains, in-
cluding acute and chronic toxicity tests using Vibrio fisheri,
and bacterial susceptibility tests using Gram positive (Staph-
ylococcus aureus, Bacillus subtilis) and Gram negative (Es-
cherichia coli) species. To find out the underlying reasons of
the effects on these organisms final product analysis was per-
formed. The drawback of advanced oxidation for bacteria
will be clarified.

PORTABLE XRF SPECTROMETER USE FOR ARCHAEOMETRICAL STUDIES IN ROMANIA

—AREVIEW

Bogdan Constantinescu

National Institute of Nuclear Physics & Engineering, Romania, e-mail: bconst@nipne.ro

Due to its mobility, portable X-Ray Fluorescence (pXRF)
spectrometers are probably the most adequate elemental
analyzer for archaeologists. pXRF analysis can be per-
formed not only directly in museums or collections but even
in archaeological sites, immediately artifacts are discov-
ered. We report on some spectacular cases related to illegal
excavations based on metal detectors in the area of Sarmize-

getusa, the ancient Dacian capital, situated in an isolated
mountain region (Orastie) in the heart of Transylvania. The
analyzed artifacts — gold jewelry as one kilo each spiraled
armbands, silver adornments as torques and brooches, gold
and silver ancient coins as “Koson” and pseudo-Lysimachus
staters, Thassos tetradrachms and Roman denarii — were
recuperated by Romanian authorities from treasure hunters.
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ED-XRF FOR NON-DESTRUCTIVE ANALYSIS ON HIGH LEVEL NUCLEAR SAMPLE
Eric Esbelin®, Valérie Boyer-Deslys, André Béres, Cédric Rivier

CEA, Nuclear Energy Division, RadioChemistry & Processes Department, Analysis and Materials Metrology Laboratory, BP 17171,

30207 Bagnols-sur-Céze Cedex, France, *e-mail: eric.esbelin@cea.fr

Keywords: ED-XRF, monochromator, actinides

High activity sample analyses represent a real challenge
for the analyst due to the facilities and equipment needed.
Radioprotection, waste and analytical effluent issues require
very specific design for the equipment and generally lead to
decreased performance compared to low activity sample
analysis method.

In this context, X-ray fluorescence is particularly inter-
esting as this technique requires no or reduced sample
preparation and is non-destructive. In the ATALANTE facil-
ity at CEA Marcoule, this technique is widely used for the
analysis of actinides in high activity samples.

The concentrations of the main actinides of interest
(U, Np, Pu, Am and Cm) are determined by XRF in a hot
cell equipped with a device dedicated specifically to acti-
nide analyses via their L-line X-ray between 13 and 15 keV.
In order to limit the counting rate of many radioactive
emitters (X-ray and gamma emitters) in the analysis solu-
tion and the continuous spectrum, a graphite monochroma-
tor is placed between the sample and detector.

Commercial or free software packages currently availa-
ble for processing X-ray spectra are designed for a specific
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instrument and/or do not take into account the special fea-
ture of our system, i.e. the presence of a monochromator.
Therefore, we have developed a new X-ray analysis soft-
ware for this particular system, taking matrix effect correc-
tions into account.

In the phase of qualification of this new algorithm, many
samples were analyzed by XRF and those with special ma-
trices were also analyzed by other analytical techniques
(alpha spectrometry, gamma spectrometry, ID-TIMS, ICP-
AES, ICP-MS) to compare the results.

When the sample matrix can be properly described in
software, this NDA device provides results with a good
agreement with those of other analytical methods.

The description of this analytical device, a short pres-
entation of theoretical model [1] and various examples on
highly irradiated samples with large matrix effects will be
presented during this talk.

Reference
[1] E. Esbelin, X-Ray Spectrometry (2014), 43, 198-208.

MOSSBAUER STUDY OF BIOFILM FORMATION IN HYPOGENIC SPRING CAVES IN HUNGARY

Zoltan Homonnay'*, Erno Kuzmann', Krisztina Kovacs, Anita Erds®, Shiro Kubuks’,

Gyula Zaray', Judit Madl-Szonyi?
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Budapest is often called “the capital of caves” because of
abundant thermal spas fed by the largest natural under-
ground thermal water system in Europe. The rock that hosts
this aquifer system is Triassic carbonate. Interaction of this
rock with water, especially with flowing water resulted
in the formation of a complicated network of caves. This
process is still on today. It is commonly thought that dis-
solution of calcium carbonate that is responsible for the for-
mation of caves is due to the presence of carbon dioxide
transforming insoluable carbonates into soluable hydrocar-
bonates. However, biofilms in which the metabolism of var-

ious microorganisms can produce acidic environment that
also dissolves carbonates may present another mechanism
to the evolution of cave systems.

The caves in Budapest belong to the group of hypogenic
caves, with rather characteristic morphology and peculiar
minerals. Recent speleogenetic theories, consider hypo-
genic karsts and caves as the manifestations of flowing
groundwater [1]. Since flowing water can provide a perma-
nent transport of nutrients for microorganisms, a possible
biofilm assisted evolution of such caves is attracting more
attention. Biofilm bacterial communities are definitely in-
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habiting the cave walls of the Buda Thermal Karst system.

The aim of the present work was to give qualitative and
quantitative analysis of the iron containing phases show-
ing up in the biofilms and in its nearest environment from
different caves of Buda Thermal Karst.

S7Fe Mossbauer spectra of the biofilm samples were re-
corded in transmission geometry at 78K and at room tem-
perature using ’Co(Rh) source.

The analysis of the Mdssbauer spectra of the biofilms re-
vealed the presence goethite, hematite, ferrihydrite and sid-
erite in various proportions.

The samples originating from different layers from be-
neath the biofilms contained only goethite. The common
feature of this goethite was its superparamagnetism as de-
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duced form low temperature Mdssbauer runs. Nevertheless,
the spectra that represent different layers the depth of which
is assigned to the age of the particular layer showed marked
difference in the distribution of internal magnetic field.
This is most probably due to the different particle size dis-
tribution of goethite.

Possible correlation between the particle size/morphol-
ogy of goethite, microbial activity and cave formation will
be discussed.

Reference
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COMPARATION OF MULTI-ANALYTICAL TECHNIQUES FOR DETERMINATION

OF RATIO OF #5U/38U ISOTOPES

Bangfa Ni*, Caijin Xiao, Yonggang Yao, Long Hua, Xiangchun Jin, Pingsheng Wang
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Determination of 233U/?*%U isotope ratio plays an important
role in the nuclear fuel cycle, nuclear waste disposal, super-
vision and identification. In this article, a multi-analytical
techniques such as relative NAA, k-NAA, delayed neutron
counting are used to determination the ratios of 233U/>%U
isotopes through miniature neutron source reactor. For 25U
determination, the delayed neutron counting of>**U fission
neutron and decaying gamma of fission products of longer
half-life have been employed as the indicators such as '%*Ru,
141Ce, 3Ce, M0-99, Nd-147, etc. For the determination of

238U, the products of 238U (n,y) 2*°U (23.5 min, 74.7 keV) and
2Np (56.5 h, 277.6 keV) are employed as the indicators.
Different indicator combination is used for different quanti-
tative calculation methods of 233U/?38U. In this work, natural
uranium, enriched uranium and their mixtures are used in
the experiments of 2*°U/?*U ratio. The results indicated that
delayed neuron counting with the 2**U decay combination is
suitable for fast determination 2°U/?*U ratio, and the U
products and >*NP decay gamma combination is suitable
for accurate 2°U/?*U ratio determination.
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METHOD DEVELOPMENT FOR THE DETERMINATION OF Pd-107 IN L/ILW LIQUID WASTES
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The low- and intermediate-level liquid wastes produced by
the Paks Nuclear Power Plant contain many “difficult-to-meas-

ure” (DTM) radionuclides. Although their specific activity is
low compared to the total (originating mostly from “Co,
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134Cs, 13Cs, etc.), the reliable determination of these radio-
nuclides is an important issue of nuclear waste management.
7pd (T,, = 6.5%10° y) is the fission product of both 25U
(0.16%) and #*Pu (3.3%). The separation technique being
developed by us is based on the assumption that palladi-
um, as an element of the platinum group, is in solid form in
the highly alkaline matrix of the L/ILW liquid wastes to be
qualified. Thus, it can be effectively pre-concentrated by

4

filtering and acidic digestion has to be performed on the sol-
id phase only. In case of ICP-MS measurements, 1°’Pd has to
be perfectly separated from Ag, which was achieved by the
formation of water-soluble K,[PdCl,] complex, while silver
was removed as water-insoluble AgCl, precipitation. Detec-
tion limit of 1 Bq/dm?® was achieved in case of most real
L/ILW samples, depending on chemical efficiency.

TRACE LEVEL DETERMINATION OF Pu ISOTOPES IN AUSTRALIAN SEDIMENTS

Megan Cook

National Research Centre for Environmental Toxicology, University of Queensland, 39 Kessels Road Coopers Plains QLD 4108, Australia,

e-mail: megan.cook(@uq.net.au

Keywords: plutonium, alpha spectrometry, Australia

Plutonium isotopes 2**Pu and 2*°Pu are present in the global
environment as contaminants, largely as a result of atmos-
pheric nuclear weapons testing from the 1950s to the 1980s.
Australia was designated as the location for the British
nuclear weapons testing program from October 1952 to
September 1958. This involved the detonation of 21 atmos-
pheric tests in Australia and the Pacific releasing Pu isotopes
into the regional environment and settling in the surface
sediments of the State of Queensland. The objectives of
this study are to analyse the trace amounts of Pu remaining
in Queensland sediments; and investigate the major factors
affecting the migration of Pu in this unique environment.

238

Samples were gifted from the National Geochemical Sur-
vey of Australia and are accompanied by a large database
of field, chemical and physical parameters. Each sample
has been analysed for 2*Pu and 2*°Pu using the techniques
of fusion, co-precipitation, ion-specific resins and alpha
spectrometry. A detection limit of 0.05 mBq/g has been
achieved. The analytical results inform a decision-making
process to investigate the factors affecting the migration of
Pu isotopes in the unique Queensland environment. The in-
vestigation will involve a determination of sediment chem-
ical and physical properties in correlation with location-
specific variables.

SEQUENTIAL SEPARATION AND DETERMINATION OF THORIUM AND URANIUM
ISOTOPES IN SOIL SAMPLE WITH MICROTHENE-TOPO CHROMATOGRAPHIC COLUMN

AND ALPHA-SPECTROMETRY
Guogang Jia

National Institute of Environmental Protection and Research, Via V. Brancati 48, 00144 Roma, Italy, e-mail: guogang.jia@anpa.it

Keywords: 28U, 2#U, 2U, 22Th, 2°Th, 2*8Th, soil, TOPO, alpha-spectrometry

A method for sequential separation and determination of
uranium and thorium isotopes in environmental soil sam-
ples with a Microthene-TOPO (tri-octyl-phosphine oxide)
column and alpha-spectrometry was developed. Soil sam-
ples in a platinum crucible were fused together with Na,CO,
and Na,0, at 600 °C in a Muffle. Uranium and thorium were
leached out with HCI and HNO,, at the same time, some
40% HF was added to eliminate most of the silicates. At end
some concentrated HCIO, was added to the leaching solu-
tion to eliminate the residual HF through evaporation which

could interfere the thorium determination. The mineralised
or leaching solution in 2 M HNO, was passed through a
Microthene-TOPO column to adsorb both uranium and tho-
rium. After washing with 6 M HNO,, thorium was first elut-
ed with 2 M HCI and the eluent was evaporated to dryness.
Thorium was transferred to an electrodeposition cell with
a solution of 0.025 M H,C,0,+0.15 M HNO, and electro-
deposited on a stainless steel disc at pH 1.5. After further
washing the column with 1 M HCI and 8 M HNO;, uranium
was directly eluted with a 0.025 M ammonium oxalate solu-
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tion into an electrodeposition cell, and electrodeposited on
a stainless steel disc. Both uranium and thorium isotopes
on the discs are measured separately by alpha-spectrometry.
The lower limits of detection of the method were 0.40 Bq
kg for 238U and 2**U, 0.26 Bq kg™! for 2*°U, 0.27 Bq kg! for
22Th, 0.44 Bq kg for 2°Th and 2.0 Bq kg! for 2Th if
0.5 g of soil were analyzed. In the technique, 2**U and ?*Th
were used as yield tracers for uranium and thorium respec-
tively. The quality control was carried out by determining
the reference material (IAEA-326) supplied by the IAEA
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and the obtained results showed high accuracy and good
precision. The advantage of the technique is that the usually
tedious sample pre-treatment and mineralization was per-
formed only once for the analyte of uranium and thorium.
The direct uranium and thorium isotopic ratio analyses can
provide very useful information in the studies of the con-
tamination source terms, distributions, inventories, biologi-
cal availability and ecological migration processes of the
concerned radionuclides in the field of environmental pro-
tection, radiotoxicology, radioecology and geology.

SELECTIVE ANALYSIS OF 2'Pb IN RIVER WATER SAMPLES

WITH PLASTIC SCINTILLATION RESINS

Eloi Lluch!, Javier Barreda', Alex Tarancon’, Héctor Bagan?®, José Francisco Garcia!

'Department of Analytical Chemistry, University of Barcelona, Marti I Franqués, 1-11, 08028, Barcelona, Spain,

e-mails: alex.tarancon@ub.edu, jfgarcia@ub.edu

2 Department of Pure and Applied Biochemistry, Lund University, Getingevagen 60, hus II, 22100 SE, Lund, Sweden
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210Pb is a natural radionuclide belonging to the 233U decay
chain, which has become a radionuclide of significant im-
portance in environmental sciences and in cultural heritage,
since due to its half-life if 22.3 years, it is especially ade-
quate for dating samples with less than 100 years. In such
samples, with very low levels of activity, techniques with
low detection limits (e.g. liquid scintillation or alpha spec-
troscopy) are usually used. However due to lack of selectiv-
ity of these techniques, the determination of ?'°Pb requires
from separation processes in order to remove the radioac-
tive interferences from the matrix. These separation pro-
cesses are usually time and reagent consuming and gener-
ate large amount of waste. One possibility to reduce time,
reagents and avoid waste generation is the use of Plastic
Scintillation Resins (PSresins). PSresin are Plastic Scintil-
lation microspheres (PSm) of micrometric diameter coated
with a selective extractant, which have the capability not
only to retain the radionuclide but also to measure it due
to its scintillating properties. Therefore, PSresins placed in
a solid phase extraction (SPE) cartridge can be used to per-
form the separation and measurement in the same support

avoiding by this way the steps of elution and sample prepa-
ration. In this sense, the aim of this paper is the development
of method of analysis of 2!°Pb based on the use of a PSresins
selective to 2!°Pb, which are packaged on a commercial
SPE cartridge.

The work performed has been divided in three parts: the
study of the measurement of 2!°Pb and its daughters with
PSm, the optimization of the coating of the PSm with a
crown-ether and the conditions of separation using a SPE car-
tridge and finally the analysis of 2!°Pb in river water samples.
Results obtained show that detection efficiency was close to
50% when measuring only 2!°Pb, since 2!°Pb is a low-energy
beta emitter, and 150% when equilibrium with 210Bi was
reached. With regard to the optimization of the coating, dif-
ferent proportions of PSm and extractant were evaluated be-
ing the optimum ones those that have a 1:1/4 proportion. With
these PSresins, separation of 2!°Pb from 2'°Bi and ?'°Po can be
performed selectively and with a recovery close to 90% in a
2.0M HNO,; medium. The method developed was applied
to the analysis of four different river waters from Catalonia
(Spain) spiked with 2'°Pb with deviations lower than 10%.
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RADON GAS ACTIVITY MEASUREMENTS IN THE FRAME

OF AN INTERNATIONAL COMPARISON

Aurelian Luca*, Maria Sahagia, Andrei Antohe, Mihail-Razvan loan, Leonardo Serbina, Constantin Ivan

Horia Hulubei National Institute of Physics and Nuclear Engineering, IFIN-HH, Bucharest-Magurele, RO 077125, Romania,
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The radionuclide ???Rn (radon) and its progeny represent
the most important part of the natural radioactivity compo-
nents contributing to the irradiation of the population. The
accurate activity measurement of radon and the assurance
of the international traceability and equivalence of the
measurements is a problem of major concern for the world-
wide radionuclide metrology community. Since 2010, at
IFIN-HH, Romania, the Radionuclide Metrology Labora-
tory (LMR) has established a radon reference system, based
on an original primary standardization method which al-
lows the preparation of radon standard sources (gaseous or
dissolved in liquid scintillator) and also the calibration of
secondary standard installations, [1-3]. In order to validate
the standardization method and assure the international me-
trological traceability and equivalence, LMR participated re-
cently in the international comparison CCRI(II)-K2.Rn-222,
organized in the frame of the International Committee for
Weights and Measures, CIPM-CCRI(II)-Radionuclide Meas-
urements; the pilot lab was CEA/LNE-LNHB, from Saclay,
France. A cylindrical steel vial with ???Rn gas in nitrogen
atmosphere at 102 Pa, with a volume of about 105 cm?
(sample ID GAZ3), was received at IFIN-HH. The purpose
of the comparison was to determine the radon activity in
the vial and its uncertainty, at the reference date July 1%,
2015, 12:00 h UTC. The radon was transferred from the
GAZ3 vial in a LMR specific glass vial for gas and, from
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this one, into an ampoule with liquid scintillator solution
(LS) for absolute activity measurement using the liquid
scintillation counting method. Each step of the experimen-
tal procedure was carefully prepared and the quantitative
transfer of radon was checked by using relative measure-
ments performed with a high-resolution HPGe gamma-
ray spectrometric system and a well-type ionization cham-
ber CENTRONIC IG12/20A. Monte Carlo simulations
were also performed to deduce the efficiency transfer fac-
tors for the steel vial. Because the comparison result is not
yet published, the measured activity value of the vial GAZ3
is presented only relative to the activity of the LS am-
poule used for transfer; the uncertainty budget of the ra-
don activity is described. The experience of transferring
radon gas between recipients at different pressures, during
this comparison, will be useful to setup the operation mode
of the future radon chamber which is under construction
at [FIN-HH.
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SEQUENTIAL ANALYSES OF ACTINIDES IN SOIL AND SEDIMENT
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There is a growing demand for the determination of acti-
nides in environmental and biological samples for envi-
ronmental monitoring, radiological protection, and nuclear
forensic reasons. Although numerous methods have been

established for analyses of actinides in soil and sediment
samples, many of them are very tedious and time consum-
ing. Furthermore, some methods have used acid leaching to
extract actinides from the soil and sediment matrices and re-
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fractory actinide materials may not be completely dissolved,
which could lead to underestimation of the analytical results.
A total sample dissolution method based on lithium metabo-
rate fusion, followed by sequential column chromatographic
separation, has been developed for the simultaneous determi-
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nation of Pu, Np, Am, Cm isotopes by inductively coupled
mass spectrometry (ICPMS) and alpha spectrometry. This
method is reliable, easy for batch processing, and provides
larger sample analysis throughput. The results of method op-
timization and validation are reported and discussed.

RADIOANALYTICAL METHOD FOR THE SEPARATION OF U AND Pu APPLIED
IN THE ANALYSIS OF SAFEGUARDS SWIPE SAMPLES IN IAEA ENVIRONMENTAL

SAMPLE LABORATORY

Z. Macsik, B. Varga, S. Bulyha, A. Koepf, S. Konegger-Kappel, G. Stadelmann, K. Vogt

Environmental Sample Laboratory, Office of Safeguards Analytical Services, Department of Safeguards,

International Atomic Energy Agency, Austria

Environmental sampling was introduced in 1996 as one of
a number of new IAEA safeguards measures that contribute
to confirming the absence of undeclared nuclear material
or nuclear activities. The collection of environmental sam-
ples at or near a nuclear site combined with ultrasensitive
analytical techniques such as mass spectrometry, particle
analysis and low level radiometric techniques can reveal
signatures of past and current activities in locations where
nuclear material is handled. Environmental sampling for
safeguards is focused on the collection of swipe samples inside
enrichment plants, in installations with hot cells and in other
types of nuclear facilities, often in connection with com-
plementary access activities under the additional protocol.
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The radioanalytical procedure that is applied in the bulk
analysis of environmental swipe samples for safeguards
purposes is based on ion exchange and extraction chroma-
tography. After the sample digestion and oxidation state
adjustment the samples are loaded onto a stacked two-col-
umn system of AG MP-1M® anion exchange and UTEVA®
extraction chromatographic columns. Uranium and Pu, re-
spectively, are eluted from the separated UTEVA® and AG
MP-M1® anion exchange columns followed by further puri-
fication of the separated fractions using a single column of
AG MP-1MP® anion exchange resin. The U and Pu amount
and isotope ratios in the purified fractions are determined
by single collector and multi collector ICP-MS.

RAPID METHOD TO DETERMINE ACTINIDES AND SR-89/90 IN LIMESTONE
AND MARBLE SAMPLES FOLLOWING A RADIOLOGICAL EMERGENCY

Sherrod Maxwell’, Ralf Sudowe’
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Limestone and marble have been used in many important
buildings and monuments in the U.S, including the Penta-
gon, the Lincoln Memorial, the Washington Monument
and the Empire State Building. If a radiological emergency
such as a ‘dirty bomb” or nuclear accident occurs that im-
pacts these types of buildings, there will be an urgent need
for the rapid analysis of limestone and marble samples.

The radiochemical measurements need to be rapid and reli-
able to support dose mitigation and environmental clean-
up. It is very important to have reliable, high quality meas-
urements to maintain the public trust. There is the potential
for refractory particles to be present, so rugged sample di-
gestion is needed. Recently, approximately 80% of partici-
pating laboratories failed to accurately determine uranium
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isotopes in soil samples in the U.S Department of Energy
Mixed Analyte Performance Evaluation Program (MAPEP)
Session 30, due to incomplete dissolution of refractory
particles in the samples. Failing laboratories employed
acid dissolution methods, including hydrofluoric acid, to re-
cover uranium from the soil matrix. The failures illustrate
the importance of rugged sample dissolution methods for
the accurate measurement of analytes in the sample matrix.
A new method for the determination of actinides and Sr-
89/90 in limestone and marble samples has been developed
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that utilizes a rapid sodium hydroxide fusion to digest the
sample. Following rapid pre-concentration steps, acti-
nides and Sr-89/90 are separated using extraction chromato-
graphic resins to collect and purify the radionuclides for
assay. Challenges associated with the high calcium content
in limestone and marble will be addressed. The advantag-
es of sodium hydroxide fusion versus other fusion tech-
niques will be discussed. This approach has a sample
preparation time for limestone and marble samples of <4
hours.

DETERMINATION OF *Zr IN NUCLEAR POWER PLANT WASTES:

CRITICAL EVALUATION OF MEASUREMENTS
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In thermal reactors, **Zr is produced by two processes: from
235U by fission with ca. 6.3% yield and by neutron activa-
tion of stable >Zr which is a major component of the Zr
cladding. Due to its long half-life (1.53x10° years), after
1000 years it is the second significant contributor (after
“Tc) to the fission products activities of nuclear power
plant wastes. As it is a pure B -emitter (£, = 60 keV),
chemical separation (typically liquid-liquid extraction
using TBP or TTA, or ion exchange, or extraction chroma-
tography using TRU, TEVA, UTEVA) is performed before
measurement by LSC or ICP-MS.

The radioanalytical method developed and used in
our laboratory for separation of **Zr consists of addition
of carrier free *Zr tracer, sample destruction by repeated
evaporations using concentrated acids, co-precipitation of
Fe(OH),/ZrO,, and separation of Zr on two consecutive
UTEVA columns. Focal point of this separation is the com-
plexing of F--ions before loading the Zr containing sample
on UTEVA resin. The zirconium sources were introduced
in an ICP-MS.

When measuring *Zr by ICP-MS, isobaric (**Nb, *™Nb,
and *Mo) and polyatomic (e.g., *Zr'H) interferences as

well as abundance sensitivity due to *?Zr and **Zr affect the
results. Among these, the isobaric interference due to **Nb
is critical, as niobium is always present in nuclear power
plant wastes as the alloying component of zirconium, and
%Nb is its only natural isotope.

In order to confirm the reliability of the analytical results,
an activation model was developed to calculate the theoret-
ical ratios of *Zr/**Nb, *Zr/*?Zr and *Zr/**Zr. The activa-
tion calculations for the fuel rod cladding and the assembly
wrapper were performed with the MCNP5 general-purpose
Monte Carlo code. A detailed model of a WWER-440 fuel
assembly was built, and the reaction rates and fluxes were
calculated in infinite lattice geometry with track length esti-
mator tallies using the ENDF/B-VII.O cross-section library.
The specific activity of **Zr/Zr was calculated analytically
by solving the corresponding nuclide chain equation.

The activity of *Zr in evaporator concentrate samples
from a nuclear power plant equipped with WWER reactors
was measured. Focusing on the separation of Zr from Nb,
decontamination factors of Nb over Zr were determined.
Using the activation model mentioned above, measured *Zr
activities were critically evaluated.
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RADIOCHEMICAL SEPARATION OF LANTHANIDES AND AMERICIUM BY EXTRACTION

CHROMATOGRAPY USING DGA RESIN

Dénes Parkanyi!, Laszlo Szentmiklosi!, Nora Vajda?
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In the nuclear fuel cycle, several long-lived lanthanide and
trivalent actinide isotopes such as '“Pm (2,6 y), *'Sm (90 y),
32Eu (13 y), "*Eu (9 y), *Eu (5 y) and ' Am (432 y), >*Cm
(29 y), >#Cm (18 y), respectively, are produced by fission
or transmutation of the uranium fuel. These nuclides are
usually generated at low quantities and/or they are pure alpha/
beta emitters, therefore they are regarded as difficult-to-
measure nuclides (DMN).

In order to develop efficient methods for the analysis of
DMNSs, an extraction chromatographic separation proce-
dure was developed using N,N,N’,N” tetraoctyl-diglycola-
mide resin (DGA is the registered trade mark of Triskem
International) that is known to have extremely high capac-
ity factors (k’>10%) for trivalent lanthanides and actinides
in concentrated mineral acid solutions.

Short-lived lanthanide isotopes with easy to measure
gamma radiation, i.e. La-140, Ce-141, Nd-147, Pm-149,
Sm-145, Sm-153, Eu-152, Eu-155, Gd-153, Tb-160 and
Ho-166 were prepared by neutron activation of the stable
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lanthanide elements at the Budapest Research Reactor.
Samples containing a mixture of lanthanides and Am-241
tracer were loaded on the DGA column from 3M HNO, fol-
lowed by their sequential elution using various eluents
(0.01-0.05M HNO; and 0.5-1.5 M HCI). Elution condi-
tions (type and volume of eluent, flow rate, temperature)
were optimized.

According to the results of the test experiments, chro-
matograms of several lanthanides and Am were obtained
where “groups” of lanthanides such as La-Ce-Pr, Nd-Am,
Pm, Sm, Eu-Gd, Tb-Dy-Ho, Er-Tm-Yb-Lu were well sepa-
rated. Pm, Sm as well Am were separated from all lantha-
nides (the latter with the exception of Nd), the repeatability
of the separations was confirmed. The separation proce-
dures seem to be adequate for analytical applications. Sepa-
rated lanthanide and actinide nuclides are to be detected
by ICP-MS, alpha, beta and gamma spectrometry and the
combination of thereof. Application examples will be pre-
sented.

CHALLENGES AND STRATEGIES IN PLUTONIUM DETERMINATION

FOR LARGE SIZE ENVIRONMENTAL SAMPLES

Jixin Qiao

Center for Nuclear Technology, Technical University of Denmark (DTU Nutech), DK-4000 Roskilde, Denmark

Determination of plutonium in environmental samples (e.g.,
soil, sediment, seaweed, seawater, etc.) is important for en-
vironmental monitoring, radiological risk assessment and
radioecology studies. In most cases, the concentrations of
plutonium isotopes are at low or ultralow levels (<107'? g/g
or 1072 g/L). Consequently, large sample size (>10 soil/
sediment, >20 g seaweed, >100 L seawater) is typically
needed to cope with sensitivity demands of either radi-
ometric or mass spectrometric techniques. However, the

adverse effects of massive matrix components and interfer-
ing radionuclides impose great challenges to achieve relia-
ble and accurate analytical results.

During the past few years, several flow injection (FI)/se-
quential injection (SI) based analytical methods have been
developed for plutonium environmental assay in Center for
Nuclear Technology, Technical University of Denmark (DTU
Nutech). Recently, more efforts are continuously devoted
to improve the simplicity and applicability of these methods,
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especially for large size environmental samples. This paper
gives an overview of analytical protocols developed for plu-
tonium determination in DTU Nutech, and emphasizes chal-
lenges and strategies during the methodology development
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process. Moreover, recent improvement achieved by apply-
ing effective sample pre-treatment approaches and sophisti-
cated automation techniques is also presented.

ENVIRONMENTAL ?I LEVEL, DISTRIBUTION AND SOURCE IN QINGHAI REGION OF CHINA

Dongxia Zhang!, Xiaolin Hou'-?

ISKLLQG, Shaanxi Key Laboratory of AMS Technology and Application, Xi’an AMS Center, Institute of Earth Environment,

CAS, Xi’an 710061, China

2Center for Nuclear Technologies, Technical University of Denmark, Rise Campus, Roskilde 4000, Denmark

Keywords: long-lived radionuclide, AMS, nuclear environmental safety, soil, iodine

In this work, we collected surface soil samples (0—5 cm) in
Qinghai region, and determined '?’I and '*[ in these samples
using an effective chemical separation combined with a
high sensitivity AMS measurement, in order to investigate
129] level and distribution in Qinghai region, explore its
sources in this region. The data is also useful for establish-
ment '*°I environmental background in Qinghai region, and
investigation on the impact of early human nuclear activi-
ties on the environment in the region.

The collected soil samples was dried, ground and sieve
through a 200 mesh sieve. About 5 g ground soil samples
was taken to a quartz boat, 1.0 kBq '?°I tracer was spiked for
measurement of chemical yield. The boat with sample as
put to a quartz working tube in a tube furnace for separa-
tion of iodine using combustion. The temperature of the
furnace was gradually increased to 800 °C and kept for
1.5 hours under oxygen gas flow. The off gas from the work-
ing tube passed through a bubbler filled with 0.5 M NaOH—
0.02 M NaHSO,, liberated iodine from the sample was
trapped in the solution in the bubbler. The entire combus-
tion took about 3 hours. 3 ml of trap solution was taken to
a plastic tube and measured using a gamma detector for
125, which was compared with the '>’I standard (the same
amount of '°I spike solution and diluted to 3 ml using the
same trapping solution) for measurement of chemical yield
of iodine during combustion. Chemical yield of 97-102%
with average of 99% were obtained for soil samples. After
measurement of %I, the solution is combined to remained
trap solution. 1.0 ml trapped solution was taken and dilut-
ed 10 times using deionized water for measurement of
127] using ICP-MS. To the remained solution, NaHSO, and
0.5 ml of I carrier solution with a concentration of 2.0

mg/ml (prepared from a '*’I free iodine provided by Wood-
ward company, USA, with a measured '%°1/'?’] ratio less than
5%107'%) were added, and pH was adjusted to 1-2 using
HNO,. After mixed, 1 ml of 1.0 mol/L AgNO, was added
for precipitate iodine as Agl, which was separated by cen-
trifuge. After dried, Agl precipitated was ground and
mixed with niobium powder in a mass ratio of 1:5, which
was then pressed in copper target holder. I/ atomic
ratio was measured using 3 MV accelerator mass spec-
trometry in Xi’an AMS Center. I’" ion was selected for '*1
measurement. Procedure blanks were prepared using the
same procedure as samples, the measured '*I/'?’ in the
blanks are (1-2)x10-'3, which is 2-3 orders of magnitude
lower than that in samples.

More than 100 surface soil samples was analyzed, the
results show that the concentrations of '?7I in Qinghai area
are 0.75~16.8 ng/g (dry mass), average 4.72 pg/g, and agree
with the literature values (0.5~40 pg/g); '*’I concentration
are (0.14~32.4)x107atmos/g, with an average of 6.61x107
atmos/g. An abnormally high value of 3.24x10% atmos/g
was observed in the northeast of Qinghai, concentration
of this might be associated with early nuclear activities
in this regional; I/ atomic ratios in all samples range
(0.9~102)x107'°, with an average of 3.43x10°, which is
higher than pre-nuclear level of 10-'2 by 1-4 orders of mag-
nitude, indicating that the surface environment in Qinghai
region was significantly influenced by human activities.
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Pu CONTAMINATION IN THE SOILS OF GANSU PROVINCE IN NORTHWESTERN CHINA
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The atmospheric nuclear test caused large amounts of Pu
isotopes released into the environment. The contamination
of Pu isotopes could be local, regional and global depending
on the power of the explosion. From 1964 to 1980, 22 at-
mospheric nuclear tests took place in Chinese nuclear test
site (Lop Nor). Investigating Pu contamination in the down-
wind areas from the nuclear test sites is important for radio-
active assessment and radioactive source identification.
Compared with other nuclear test sites, information about
Pu isotopes from Chinese nuclear test site is rare.

In this work, Pu isotopes in soil samples from the Ji-
uquan region of Gansu province in northwestern China
have been determined. The Jiuquan region is located in the
downwind area from the Chinese nuclear test site. The
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239+240Py activities and 2*°Pu/?3°Pu atom ratios in surface soils
ranged from 0.025 to 0.892 mBq/g and from 0.080 to 0.193,
respectively. The Pu activities and Pu inventories from
different sampling sites varied significantly, suggesting that
Pu contamination in this region was heterogeneous. The
low 2#Pu/?*Pu atom ratio (<0.1), lower than that of global
fallout observed in the soils revealed that Pu isotopes from
this place were a combination of global fallout and regional
fallout from the Chinese nuclear tests.

Acknowledgement

This work was supported by the National Natural Science
Foundation of China (No. 11275015), the Director Research
Fund, National Institute of Radiological Sciences, Japan.

FIRST SURVEY OF RADIOACTIVITY LEVELS IN ANGOLAN ADOBE DETERMINED
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Measurement of the environmental radioactivity in Angola
is a novelty in spite of noticing a growing interest from
all-over the world. This study therefore aims to investigate
systematically the radioactivity of adobe, a widely used
building material in Angola.

Sixty samples have been collected from three remote
areas of the country with different geological background
and climate. These were Cabinda in the North, Huambo in

the central part and Menongue in the South. Activity con-
centrations for Ra-226 (assumed in secular equilibrium with
U-238) and Th-232 as natural decay chain members and for
K-40 have been determined by gamma spectrometry analy-
sis. For this purpose an HPGe-detector-based acquisition
system installed permanently in a low background chamber
[1] was used.

The activity concentration results obtained for the sepa-
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rate areas are as follows (mean and sample range in Bq kg™'):
in Cabinda 32 (26-45) for Ra-226, 40 (36-49) for Th-232
and 50 (36-83) for K-40; in Huambo 69 (53-78) for Ra-226,
67 (39-84) for Th-232 and 80 (56-96) for K-40; in Me-
nongue 25 (15-42) for Ra-226, 27 (21-32) for Th-232 and
52 (25-73) for K-40. According to the UNSCEAR 2000 Re-
port [2] the average values in soil for radionuclides U-238,
Th-232 and K-40 are 35, 30 and 400 Bq kg, respectively.
A comparison shows that the activity concentration of
Ra-226 in Huambo is higher than the average; similarly, the
value for Th-232 is also higher in both Huambo and Cabinda;
whereas the value for K-40 is lower in all areas.

The importance of this survey comes from the fact that
more than 30% of the Angolan population use adobe as
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THE FATE OF PO-210 IN THE URBAN AIR
Magdalena Diugosz-Lisiecka

building material. Therefore, results may have a social inter-

est beside its scientific aspects and they will serve as refer-

ence for further studies.
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The natural and artificial origins of the 2'°Po radionuclide
and its activity fluctuations in the air have been discussed.
The main source of 2°Po in the lithosphere, atmosphere
and oceans is the emanation and transport of one of the
uranium daughters — gaseous radon from surface soil or
sediments. Several research group hypothesis additional,
anthropogenic origins as dominant 2'°Po excess origins.
The artificial sources of the 2!°Po in the air are industrial
processes, which are: fossil fuels combustion (gas, oil, coal
and biomass), forest and bush fires, phosphoric acid pro-
duction, sintering of ores, iron and steel industry and use of
agricultural fertilizers. Technological activity and high tem-
perature processes generate radioactive particles or flue
gases and can effectively generate huge amount of fine and
ultrafine particles with high disproportion between Po and
Pb. Especially significant difference can be seen in activity
distribution of fine and ultrafine particles. For 2!°Po typical
enhancement factor ranged from 30 to 200 and can reach
over 5000 Bq/kg, while in coal samples occur only 20-30
Bg/kg. In technological temperature, higher than 1000 °C it
is not possible to filter 2'°Po out with regular ash recovery
system. There is tendency to escape nuclides on the surface
of fine and ultrafine particles, leading to an increased ac-
tively concentration with decreasing particle diameter.

The excess of ?1°Po activity was found in lower tropo-
spheric layer in central Poland. The annual activity release

from coal power plant per GWe can occur even extreme
level of 1 GBq. In local power plants the level of ?'°Po re-
lease is definitely lower and equal several MBq Depend on
type coal , technological temperature of burning average
about 50% of 2!°Po can be released in gaseous or ultrafine
and fine particles with d<1.5 pm.

The difference between residence times calculation meth-
ods based on 2!°Bi/?!1°Pb and !°Po/?!°Pb activity ratio should
be attributed to the additional sources of 2!°Po input to the
atmosphere. Even up to 97% of the total ?'°Po activity can
be attributed to the additional its input.

The average values of 2'°Po excess in air analyzed in
Lodz city (Poland) show clear seasonal trend but low corre-
lation with 2!°Pb activity levels. Estimated seasonal change
of the 2!Po excess is statistically significant. In the summer
period the 21°Po/?'°Pb activity ratio is much lower than in
the winter period. The calculated additional 2'°Po activity
ranged from 8.8 to 42.46 uBg/m3. The specific activity of
210Po in Bq/g of the total suspended particles varies from
0.608 Bg/g for the winter to 0.257 Bq/g in the summer.
These values significant exceed the measured specific ac-
tivities of this radionuclide in soil 0.026 Bq/g. It may con-
firmed that observed excess of 2!°Po in the winter period is
coming from the source characteristic for this season like
energetic coal or oil combustion typically used in central
Poland region.
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Fast radioanalytical methods are essential for a rapid re-
sponse of decision makers. Beside the conventional meth-
ods, rapid methods for single isotopes determination are
getting more and more widespread especially in view of the
application in emergency situation. The combination of
rapid single isotope specific methods with each other has
the benefit to be even faster than analysing aliquots of the
sample for each isotope individually.

In this work such a combined method was developed
for the simultaneous determination of pure beta emitting
radionuclides Sr-89/Sr-90 and Tc-99 in food samples. The
method was tested on different sample matrices like milk
and dairy products.
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The combined method is a sequential method based on
the precipitation of milk fat and proteins with trichloro-
acetic acid, followed by an anion exchange step for the sep-
aration of strontium from technetium. After this separa-
tion, the purification steps for strontium and technetium
are done using Sr-resin and TEVA-resin, respectively. The
typical chemical yields for the combined method are around
60% for both radionuclides. The whole determination takes
around two working days. Therefore, it can be considered
a fast combined method. The obtained detection limits for
the combined method are as good as for the single isotope
methods. Only extreme activity ratios could worsen the ca-
pability of the method.

REMOVAL OF URANIUM(VI) AND THORIUM(IV) BY INSOLUBILIZED HUMIC ACID

FROM AZRAQ SOIL IN JORDAN
Fawwaz Khalili*, Alia’a Khalifa, Ghadeer Al-Banna
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Humic acid from Azraq soil in Jordan has been extracted
and insolubilized. The sodium form of Insolubilized Azraq
Humic Acid (INaAZHA) was characterized by Fourier
transform infrared spectroscopy, elemental analysis, ther-
mal gravimetric analysis, X-ray diffraction, scanning elec-
tron microscopy and differential scanning calorimetry. Ad-
sorption of Th(IV) and U(VI) by INaAZHA was studied
using batch technique at different temperatures ( 25.0, 35.0
and 45.0 °C) and at different pH values (1.00, 2.00 and
3.00); it was found that the uptake have increased with in-
creasing pH and reached a maximum at pH = 3. The kinetic
studies were done, and showed that the uptake increases
with time until it reaches equilibrium in 15 hrs. These exper-
iments fitted pseudo second-order kinetic model. A line-
arized form of the Langmuir, Freundlich and Dubinin—
Radushkevich (D-R) adsorption isotherms were used to
analyze the experimental equilibrium concentration data
of Th(IV) and U(VI). The order for increasing adsorption
capacity was as follows: Th(IV) > U(VI). The energy of ad-
sorption process was calculated from the D-R and it was

found that the adsorption is physisorption. Thermodynamic
functions, AG®°, AH® and AS°® were determined for each met-
al ion; the values of these functions for Th(IV) were found
as: —4.97 kJ/mol, 21.27 kJ/mol and 88.25 J/mol.K, and
for U(VI) were found as: —5.05 kJ/mol, 5.47 kJ/mol, and
35.30 kJ/mol, respectively. The negative value of AG® indi-
cates the degree of favorability of the adsorption process,
while AH® values indicated that this process is endothermic.
On the other hand, the process has positive entropy which
means that the adsorption process increases the disorder of
the system. Column experiment was used effectively for
the determination of metal ion loading capacity. The uptake
percent with the metal ions in column technique fall in the
same order; Th(IV) > U(VI), where the uptake capacities in
this technique of Th(IV) and U(VI) ions are 10.7 and 10.1
mg metal ion/g INaAZHA, respectively. Desorption studies
were done using column experiments where (0.1 M), (0.5 M)
and (1.0 M) HNO3 were used for elution and regeneration
of the INaAZHA. The best percent recovery for Th(IV) and
U(VI) ions were obtained when 1.0 M HNO3 was used.
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DECONTAMINATION OF RADIOACTIVE CONCRETE

Seung-Soo Kim*, Gye-Nam Kim, Gyu-Seong Han, Jong-Won Choi
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A great amount of uranium-contaminated (U-contaminated)
concrete waste has been generated from the uranium con-
version plant at KAERI. Thus its volume reduction is re-
quired for a reduction of the disposal amount. A practical
decontamination process for U-contaminated concrete has
been developed in this study. U-contaminated concrete
pieces have to be decontaminated to below 1.0 Bg/g for the
self-disposal of natural uranium.

The concrete waste is divided into three groups: one is a
mortar block with epoxy generated from the floor surface of
a laboratory whose radioactivity is high, another is a con-
crete block from the floor except the surface, having a lower
radioactivity, and the last is a brick from the wall of a labo-
ratory. The color of the wall brick surface contaminated
with a high concentration of uranium was changed to yellow
or brown. The colored surface was removed by a chisel in a
glove box, and the radioactivity of the brick was then meas-
ured. The removal and measurement works were iterated
until the radioactivity of the remaining block reached less
than 1 Bq/g.

The mortar blocks coated with epoxy were directly
burned for 15 minutes to remove the epoxy and binder. After
burning, the removal of the surface and the measurement of
the radioactivity were performed using the same decontam-
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ination method as for the bricks. Concrete blocks without
epoxy were crushed to less than 30 mm in size, and the con-
crete pieces then sifted with a 1 mm pore-sized sieve. Con-
crete pieces larger than 1 mm were consecutively washed
using a ball mill in order of clear recycle solution (around
pH 1.0) and 1.0 M of fresh nitric acid. When the washed
concrete pieces were washed with a small amount of tap
water, the radioactivity of the concrete particles above 1 mm
in size generally reached below 1.0 Bg/g. Concrete powder
smaller than 1 mm and the murky solutions produced from
the ball mill were put together into a rotary washing ma-
chine. The powder was washed in a pH 0.5-1.0 nitric acid
solution for 6 hours. After removal of the supernatant, the
remaining solution was centrifuged. The radioactivity of the
dried solid was measured. When it was higher than 1 Bq/g,
we used electrokinetic equipment for further continuous
washing. The concrete powder reached 1 Bg/g within 10
days by the electokinetic equipment.

The supernatant produced from the washing process was
adjusted to near pH 9 by adding CaO in order to precipitate
the uranium. The precipitate was filtered using a filter pres-
sure with a 25 pm pore size, and will be disposed of at a
radioactive waste repository. To recycle this filtrate, sulfuric
acid was added into the filtrate to form a CaSO, precipitate.

RADIOCESIUM BEHAVIOR IN PONDS OF THE CLOSE PROXIMITY TO THE FUKUSHIMA

DAI-ICHI NUCLEAR POWER PLANT
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A major earthquake and devastating tsunami on 11 March
2011 caused a nuclear accident at the Fukushima Dai-ichi
Nuclear Power Plant (FDNPP). As a result of the FDNPP
accident, **Cs and '*’Cs deposited on the underlying sur-
face in North-Western direction from the FDNPP. Mobility
of radiocesium (r-Cs) of accidental origin in the aquatic
environment is governed by the ratio of r-Cs chemical
forms in fallout and site-specific environmental character-
istics determining the rates of leaching, fixation/remobiliza-

tion, as well as sorption-desorption of the mobile fraction.
R-Cs in the environment is strongly bound to soil and sedi-
ment particles. This is due to high selective reversible sorp-
tion by micaceous clay minerals (illite, vermiculite etc.) and
fixation.

The objective of this work is to study current dynamics
of r-Cs in ponds/reservoirs within exclusion zone in the
proximity to the FDNPP and to characterize r-Cs exchange
between sediments and water column.
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Field observations were carried out on four ponds (Inkyo-
zaka, Suzuuchi, Funasawa and Kashiramori) and their
catchments in the close proximity to the FDNPP — Okuma
town. Water samples of 2 L volume were collected in the
ponds three times during 2015 in duplicate and filtered in
the laboratory using membrane filters of 0.45 um pores.
Filters and filtrates were assayed separately for '3*Cs and
137Cs. Dissolved K*, NH,*, Na*, Ca?", Mg?" in water samples
were measured by ion chromatography, and stable '33Cs*
was measured by ICP-MS. Soil samples were collected to
a depth of 30 cm using a liner corer. The '¥’Cs and **Cs
activity concentrations were measured by gamma spec-
trometry using a high-purity germanium detector (HPGe)
CANBERRA GC3018. The measurement time was set to
ensure a statistical error not more than 5%.

Total r-Cs activity concentration in water of the ponds
was found to be relatively high as compared with the rivers
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or large lakes in the area and was as high as 68 Bqg/L for the
most contaminated pond Suzuuchi. Activity concentration
of particulate r-Cs in pond’s water was found to be higher
than that in the top soil of the catchment surrounding the
pond and bottom sediments. Kd values in the ponds of
Okuma town appeared relatively high (mostly in range 100—
400 L/g) and comparable with Kds observed for rivers and
large lakes in Fukushima area. Kd values in Inkyozaka,
Suzuuchi and Funasawa were quite stable during observa-
tion period, especially for Suzuuchi. At the same time, in
Kashiramori Kd varies within an order of magnitude. The
effective dispersion coefficients in the Fukushima soils
were found to be relatively high (in range 2—10 cm?/year) as
compared to Chernobyl data. It is shown roles of K*, NH,*
and '3Cs" in r-Cs remobilization are comparable, but their
relative contributions in forming dissolved r-Cs concentra-
tion in water can vary with time.

INTEGRATED CATCHMENT MODEL FOR PREDICTION

OF RADIONUCLIDE RIVERINE TRANSPORT
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After the Fukushima nuclear accident happened in 2011,
the consequences following an accidental pulse contamina-
tion event raised once more much attention globally. Fast
evaluation of the impacts following one such accident is
urgently needed. A new synthesis model (INCA-RAD) was
developed to integrate several feature of previous INCA
models and adding the capability of simulating and predict-
ing the transport and retention of radionuclides in river
basins daily time step. INCA-RAD is applied at Vikedal
catchment in Western Norway which is identified as a site to

be affected by plume following a virtual UK nuclear acci-
dent. Test period is 5 years from 19.10.2008 to 14.01.2014
which is the worst case scenario identified by meteorolog-
ical and deposition modelers. In the five year period, the
bulk water column concentration of Cs-137 is between the
10*-10% bg/m? order of magnitude. Sediment is gathering
at bed of Vikedal Lake due to slowing down of water veloc-
ity. The radionuclides in sediment at the Lake reach there-
fore increases though the radionuclide in water column is
decreasing.
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RADIOCHEMICAL ANALYSIS OF SAMPLE MATRICES ENCOUNTERED DURING
THE EVALUATION OF POTENTIALLY CONTAMINATED SITES IN AUSTRIA
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Upon the discovery of radioactivity at the end of the 19th
century several factories and institutes in Austria started to
produce and process radioactive materials due to Austria’s
proximity and access to the Joachimsthal uranium mines.
In a study carried out by the Austrian Agency for Health
and Food Safety the premises of a former chemical factory
were investigated. According to historical research the com-
pany, which was founded around 1890, used to process
pitch blende residues (uranium ore residue) for the produc-
tion of radium as well as monazite sands for the production
of thorium and subsequent manufacturing of incandescent
gas mantles. The site of the factory was situated next to a
river and nowadays serves as a recreational area. The radio-
logical survey found elevated levels of radioactivity and
upon detailed examination of the soil samples, elevated ac-
tivity concentrations of thorium, uranium and cerium.
Using the results and experience gained from the above
mentioned investigation we attempted to develop a stand-
ardised screening procedure to aid the evaluation of poten-
tially contaminated sites in the future. With the help of a
standardised screening strategy on-site measurements are
carried out and a sampling strategy is developed. Samples
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are then analysed through a combination of gamma-spec-
troscopy and radiochemical methods for the determination
of natural radio-nuclides such as Ra-226, Ra-228, Pb-210,
Po-210 and uranium. Methods were evaluated for the differ-
ent sample matrices expected to be encountered at relevant
locations, such as mud, soil, sediments and water (clear wa-
ter as well as water containing colloids and suspended mat-
ter). On the basis of all the obtained results the prediction of
an exposure scenario is possible.

Laboratory tests were carried out on ashed and non-
ashed soil samples applying microwave digestion as well
as wet digestion. Sequential acid digestion was performed
using concentrated HNO3+H202, HCI and aqua regia fol-
lowed by radio-chemical separation and analysis through
liquid scintillation counting and ICP-MS. Satisfying chemi-
cal yields were achieved for the fractions digested with
HNO3+H202 and aqua regia. More tests need to be per-
formed to optimise the chemical yield of radium after diges-
tion with HCI. A comparison of preliminary results with a
long-term gamma-spectroscopic measurement showed a
good correlation between the activity concentrations of dif-
ferent natural radionuclides.

RADIOLOGICAL AND CHEMICAL TOXICITY RISKS OF URANIUM IN GROUNDWATER
BASED-DRINKING AT GOSA AND LUGBE AREA OF ABUJA, NORTH CENTRAL NIGERIA
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Inadequate public water supply by the Water Board in
Abuja has forced the inhabitants to source for groundwater
as the only alternative without radio-toxicity risk concern.
The radiological cancer and Chemical toxicity risks of
uranium in Gosa and Lugbe groundwater based-drinking
water samples were measured and compared with Water
Board and hand-dug well water samples from the same area

using inductively coupled plasma mass spectrometry (ICP-
MS).The highest radiological risks for cancer mortality and
morbidity were found to be low, with highest values of
1.03x107and 1.57 x 107 obtained from Lugbe borehole. The
chemical toxicity risk of 238U in drinking water over a life
time consumption has a mean value of 4.0 x 10° ug kg day!
with highest value of 6.0x 107 pug kg™! day! obtained from
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Lugbe boreholes. Significantly, this study inferred that the
238U concentrations reported in groundwater based-drinking
originate from granitic strata induced by denudation and tec-
tonic events in the area. The radiological and chemical toxici-
ty risks values were far below the standard recommended by
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International Committee on Radiological Protection, World
Health Organization and United State Environmental Pro-
tection Agency. Results of these measurements could be of
importance in radio-epidemiological assessment of uranium
induced cancer in the population of the inhabitants of Abuja.

CUCURBITURIL MACROCYCLES FOR THE COMPLEXATION OF RADIOCESIUM

IN THE CONTAMINATED ENVIRONMENT

Fabio Pichierri
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Computational chemistry methods in combination to crys-
tallographic databases are powerful tools for studying the
complexation of radionuclides by artificial macrocycles.
In this regard, we have recently investigated the interaction
of hydrated cesium ions with cucurbituril, CB[6], a pump-
kin-shaped macrocycle with the ability to coordinate alkali
metal ions through its carbonyl-laced portals [1]. According
to the results of our density functional theory (DFT) calcu-
lations, and important aspect of the complexation process is
concerned with the partial dehydration of the Cs*(aq) ion
which loses three or four water molecules in order to coor-
dinate the carbonyl groups of CB[6]. Since the Cs*-OH,
bond is weaker than the corresponding M*-OH, (M = Li-Rb)
bonds, the complexation of radiocesium is favoured espe-
cially when the soil is contaminated by this specific metal
cation.

One of the problems encountered so far, however, is con-
cerned with the low selectivity of the CB[6] macrocycle to-
wards cesium ion binding. It would be therefore important
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to introduce specific chemical groups (i.e. substituents) into
the macrocycle so as to increase its selectivity towards
the cesium ion. One possibility is offered by the introduc-
tion of aromatic moieties which may enhance the selectiv-
ity through the formation of Csxp interactions. In this con-
tribution we will discuss about the molecular structures
and binding abilities of several derivatives of the CB[6]
macrocycle as obtained from our DFT calculations. It is
hoped that the information thus obtained would be useful in
the design of highly-selective receptors for the capture of
radionuclides in contaminated environments.
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ACTIONS FOR REMEDIATION IN CASES WITH LARGE CONCENTRATION
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Alejandro Martin Sanchez!, Maria José Nuevo’

'Department of Physics, University of Extremadura, Elvas Av. w/n, 06006 Badajoz, Spain, e-mail: ams@unex.es
2Department of Physics, University of Extremadura, Elvas Av. w/n, 06006 Badajoz, Spain, e-mail: maria@unex.es

Keywords: radon concentration indoor, remedial actions, case studies

Remedial actions are totally necessary in environment
where high radon concentrations have been detected. In an
initial survey about measurements of indoor radon concen-
tration in working places performed in the region of Ex-
tremadura (Spain) several sites were detected as having
high radon concentrations. Generally, these sites were

placed in zones where the natural background radiation was
also high. In this way, a deeper study seemed advisable on
the affected zones, performing surveillance and taking re-
medial actions when necessary.

A project started proposing remedial actions. Principal
proposed actions include ventilation (when possible), archi-
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tectonical actuations, or limiting the time of residence of the
people working in the exposed areas (when no other actions
can be performed). Several examples were studied, analyz-
ing each case and the effects that the proposed actions
caused on the changes in the indoor radon concentrations.
Studied sites include caves, cellars, historical buildings, ho-
tels or museums. To facilitate the implementation of the
existing rules and legislation, it was intended to design a
protocol for places with high concentration of radon. This
plan includes the study of seasonal variations, dose estima-
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tions, and the proposed remedial actions.The study was en-
larged to include also dwellings.

Several case studies were performed. The main objective
of this project was to carry out a comprehensive study of
those places where great radon concentrations were found
in the past. As a part of this work, control and monitoring of
remedial actions were undertaken, analysing the efficiency
of the proposed methods and even proposing new actions
when necessary, always in order to limit the dose received
by users (inhabitants or workers).

DETERMINATION OF LEVELS OF NATURALLY OCCURRING RADIOACTIVE MATERIALS
IN LAGOON SAMPLES CONTAINING PRODUCED WATER FROM THE MINAGISH OIL FIELD

IN THE STATE OF KUWAIT

Hasan Shams

University of Surrey Department of Physics, United Kingdom, e-mail: hs00174@surrey.ac.uk

An evaluation of the activity concentration associated
with both naturally occurring and anthropogenic radionu-
clides has been undertaken as part of a systematic study
to provide a radiological map of a produced water lagoon
located in the Minagish oil field in the south west of the
State of Kuwait. The lagoon contains material from the
discharge of produced water which is a by-product of oil
production in the region. The lagoon samples have been
prepared and placed into sealed, marinelli beakers for a
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full gamma-ray spectrometric analysis using a high-reso-
lution, low-background, high-purity germanium detection
systems. Of particular interest are the calculation of the
activity concentrations associated with members of the
decay chains following decays of the primordial radionu-
clides of the 2**U chain (**°Ra, ?'“Pb, 2'“Bi) and the >**Th
chain (**8Ac, 2'?Pb, 28Ti). The paper presents an overview
summary of the experimental samples which have been
analyzed to date.

DETERMINATION OF CONDITIONAL STABILITY CONSTANTS FOR CO*
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Cobalt remains among the most investigated environmen-
tal contaminant. The anthropogenic contamination of ter-
restrial environment by Co arises mainly from mining and
industrial activities. The environmental fate of Co is also
of broad interest due to the discharge of “°Co to riverine
system from nuclear reactors and groundwater through
inappropriate disposal or leakage from nuclear waste repos-

itory.

It is now well established that humic substances form
complexes with a wide variety of metal ions but the nature
of the complexation by these biogeopolymers remains
poorly understood. Humic acids occur in solution in envi-
ronmental aqueous phases, as colloids and sorbed on to
the surfaces of environmental particles. Investigations with
metal ions verify that various forms of humic acids are
important components in the environmental behaviour of
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many toxic metals and radionuclides and determine their
migrations in the environment.

This account will report the preparation of chemically
bond humic acid on silica gel to model the surface bound or
colloid humic matter. This solid humic acid was character-
ized by diffuse reflectance infrared Fourier-transform spec-
troscopy (DRIFTS). We also studied the interaction of hu-
mic acid chemically immobilised on silica gel, with Co(II)
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at different pH by titrating of the suspended materials in
0.1 M ionic solutions using °Co(II) as a tracer. The binding
kinetics of Co(II) with humic acid have been investigated.
The cobalt-humic acid stability constants were obtained
from the results of latter experiments by using charge neu-
tralisation-model, kinetic experimental data and non-linear
regression of binding isotherms. The results have been in-
terpreted in terms of complexes having 1:1 stoichiometry.

ARTIFICIAL AND NATURAL RADIONUCLIDES IN ANTARCTIC BIOTA
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Antarctic region is thought to be most clear and untouched
by mankind. Knowledge about accumulation of natural
and artificial radionuclides is crucial for radiological pro-
tection of southern polar environment. Despite the vast
majority of nuclear weapons tests took place on northern
hemisphere from 1957 to 1963 it is possible to detect radio-
active contamination on territories around the South Pole
(mostly radioisotopes of americium, caesium, strontium,
plutonium). Moreover in 1964, an accident of American sat-
ellite energized by an on-board plutonium system SNAP-9A
made up additional plutonium contamination. Even though
there are numerous research stations in Antarctica where a
various environmental studies are carried out accumulation
of natural and artificial radionuclides has not been explored
enough so far.

In our research we examined a number of biotic repre-
sentatives like mosses, lichens, algae, seals, birds etc. from
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King George Island and several Antarctic continental areas
to find radioactive nuclides, both natural (*'K, 2'°Pb, 230.232Th,
2342381) and artificial (>*' Am, 137C, 238239240py, %Sr). Materials
for analysis were collected between 2005 and 2009. Con-
centrations of potassium, lead and caesium were determined
by high resolution low-background gamma-ray spectrome-
ter with an HPGe detector, strontium by Liquid Scintillation
Counter and other radioisotopes by alpha spectrometers
with silicon detectors. Alpha and beta emitting radionu-
clides where separated with radiochemical techniques be-
fore spectrometric measurements. No caesium where found
in marine organism while plutonium was revealed in almost
all investigated samples. Due to plutonium content origins
of contamination may by discovered through calculating
28py/239240Py . activity concentration ratio. Furthermore esti-
mation of annual doses from natural and artificial isotopes
received by examined organisms may be performed.

SPECTROSCOPIC SCREENING FOR THE SPECIATION OF EUROPIUM AND CURIUM

IN THE GASTROINTESTINAL TRACT
Claudia Wilke*, Astrid Barkleit, Thorsten Stumpf
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Lanthanide and actinide elements are exogenous metals,
which have no essential role in normal biochemistry. Acti-
nides (An) are radioactive elements and are used in nuclear

reactors and weapons, while lanthanides (Ln) have a variety
of practical applications, e.g., as catalysts or dopants in laser
materials. Through different processes these heavy metals
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could be potentially released into the environment where
they could be further incorporated into the food chain. Be-
cause of their potential chemical- and radiotoxicity, it is
important to understand their chemical and biological be-
havior in the human body. This study focuses particularly
on the biochemical behavior of Ln(IIl) and An(IIT) in the
human gastrointestinal tract. To this end, a spectroscopic
screening was performed for Eu(IIl), as a representative of
Ln(IIT) and An(I1l), by time-resolved laser-induced fluores-
cence spectroscopy (TRLFS) to identify their possible bind-
ing partners in the human gastrointestinal system simulated
by using an in vitro digestion model [1, 2]. This model is the
basis of an international unified bioaccessibility protocol.

The first experiments were performed at room tempera-
ture with dissolved 1x10-> M Eu(Ill) in single constituents
and different mixtures of the digestive juices (saliva, gastric,
pancreatic and bile juice). For the saliva sample, the TRLFS
spectra indicate a strong complex formation of Eu(II) with
inorganic ligands, especially with carbonate, phosphate and
sulfate, also calcium as counter ion shows an influence on
the complexation. The proteins amylase and mucin are like-
ly to be minor binding partners for Eu(IIl). Due to the acidic
conditions in the stomach Eu(III) is expected to be present
primarily as aquo species. In contrast to saliva the Eu(III)
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speciation in the pancreatic juice is influenced by different
proteins. Strong complexation of Eu(Ill) was indicated with
the glycoprotein mucin, which is part of the mucosa of the
gastrointestinal tract [3]. The inorganic ions such as car-
bonate, phosphate and calcium are also involved in the
complexation but their contribution is likely to be moderate.
The interpretation of the luminescence spectra in the bile
juice is not straightforward due to the complexity of the bile
system which is composed of many ingredients like electro-
lytes, proteins, bile acids and alcohols and decomposition
products [3]. Both inorganic and organic constituents could
contribute the complexation with Eu(Ill). The measure-
ments were also carried out for Cm(III) and at body temper-
ature (37 °C). Based on the obtained results, the next step of
this study will focus on the intestine, primary on mucin as a
main binding ligand.
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A uranium isotopes study has been carried out in river wa-
ters all over Greece, because surface waters play an essen-
tial role in the migration and redistribution of radionu-
clides in the earth crust.

Uranium is a primordial radioactive element that is widely
abundant at the environment. Furthermore, the *4U/?%U
activity ratio provides information about the mechanisms
and processes of uranium transport and origin.

Various studies in river samples have been carried out,
showing that the activity concentration of uranium iso-
topes depends on several environmental and physico-
chemical factors [1].

The aim of the present study is the level estimation of
28U and 2**U to the majority of the Greek rivers. Fifteen
samples for the year 2014 and twenty samples for the year
2015 were collected (Fig.1).
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Fig. 1. Sampling points of the examined Rivers
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Each sample was spiked with 232U tracer. The separation of
uranium was performed by anion exchange and the source
preparation via electrodeposition. The source was meas-
ured by a-spectrometry [2].

238U average values for 2014 samples, ranged from 2.14
to 71.02 mBg/L and the 234U/?38U ratio ranged from 1.10 to
2.04. Respectively, the 238U mean values for 2015 samples
ranged from 2.50 to 52.57 mBq/L and the 24U/?3%U ratio
ranged from 1.10 to 1.83. The 2*U/>*U ratios that are great-
er than 1 can be attributed to the increased rate of 234U
removal [3] and the rock type of the examined sampling
points [4, 5].

Taking into account the measurement results of the in-
vestigated waters, the following conclusions can be drawn:
» 28U is found in a wide range of concentrations in the

river waters under investigation.
 Radioactive disequilibrium is found in 24U/?38U.
 The activity concentrations of 2**U in the years 2014 and

2015 are in the most of the rivers quite comparable. There

275

is an exception in some river waters, which can be attrib-
uted to the different weather conditions in the above men-
tioned years.

* The activity concentration values of this study are com-
parable with international values.
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A rapid method for the determination of radio-strontium in
soil has been developed. In this method, radio-strontium in
soil is leached out using concentrated acid after sample ash-
ing. The strontium/yttrium are then preconcentrated with a
mixed hydrous titanium oxide (HTiO)/calcium carbonate
co-precipitation, followed by a rapid column chromatographic
separation using stacked Sr-Resin and DGA cartridges. After
splitting the cartridges, the Sr and Y are stripped off the
Sr-Resin and DGA resin, respectively. Strontium-89/90 in the
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Sr eluate are counted by the triple-to-double coincidence ratio
(TDCR) Cherenkov counting followed by liquid scintillation
(LS) counting using a Hidex 300SLL LS counter, and yttri-
um-90 in the Y eluate is measured by TDCR Cherenkov
counting. This method allows simultaneous determination
of Sr-89/90 with no need of waiting for several days to re-
count the growth of *°Y in the Sr counting sample. The meth-
od is suitable for quick measurement of radio-strontium in
soil samples in the event of radiological/nuclear emergency.

RADIOACTIVITY IN THE BALTIC SEA AS AN ELEMENT OF THE MARINE ENVIRONMENT

STATUS ASSESSMENT
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At present, environmental protection and the specific meas-
ures, including those of legal nature in order to improve its

condition and to preserve it in the least altered form are get-
ting increasing public interest. Taking into account the eco-
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logical objectives on hazardous substances stated by the
HELCOM Baltic Sea Action Plan (the first in the world re-
gional programme concerning protection of marine environ-
ment) and the requirements of Marine Strategy Framework
Directive (Directive 2008/56/EC) a critical set of indicators
so-called core indicators that are needed to regularly assess
the status of the Baltic Sea marine environment against tar-
gets that reflect good environmental status have been estab-
lished. Radioactivity is one of the elements influencing the
final status of the environment with respect to hazardous
substances, hence '*’Cs in fish and surface water was recom-
mended as a core indicator for radioactive substances.

The contemporary level of anthropogenic radioactivity in
the Baltic Sea results mainly from the distribution of radio-
active isotopes — ¥’Cs and °°Sr in seawater, marine sedi-
ments and biota. The main input sources of these isotopes
to the marine environment were the Chernobyl accident in
1986 and the tests of nuclear weapons carried out in 1950s
and 1960s. The activity concentration of '3’Cs in seawater is
decreasing after having reached the maximum in 1991 (101
Bq m™), and the major processes involved are the radioac-
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tive decay, bioaccumulation together with sedimentation
and water exchange with the North Sea. In 2014, the mean
concentration of '¥’Cs in seawater of the southern Baltic Sea
was 27.3 Bq m~, and that of *°Sr — 6.6 Bq m=. The activity
of ¥7Cs in commercial fish closely follows the situation in
seawater. In 2013, the mean concentration of radioactive
cesium in herring (Clupea harnegus) was 3.7 Bq kg™! w.w.,
in cod (Gadus morhua) — 4.7 Bq kg! w.w., flounder (Plat-
ichthys flesus) — 3.4 Bq kg! w.w. and in sprat (Spratus spra-
tus) — 3.9 Bq kg w.w. Activity concentrations of *°Sr in
the same species were much more diversified: herring —
0.02 Bq kg w.w., cod — 0.15 Bq kg™ w.w., flounder — 0.16
Bq kg w.w. and sprat — 0.03 Bq kg™! w.w.

Data on the current concentration of ¥’Cs in selected
matrices related to the target values defining the boundary
between good and inadequate environmental conditions,
allow an assessment of the state of marine areas in terms
of contamination by radioactive substances. In the south-
ern Baltic Sea good environmental status (GES) was not
achieved for any of the assessed ecosystem elements: her-
ring, flounder and seawater.

PRESIGNAL SIGNATURE OF RADON (RN?22) FOR SEISMIC EVENTS
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Research on earthquake-related presignal radon (Rn??)
monitoring has gained enormous attention during last dec-
ades. Anomalous behaviour of radon in air, soil and ground-
water can be used as a reliable precursor for an impending
earthquake. While earthquake forecasting is a controversial
issue, earthquake prediction research has greatly increased
our understanding of earthquake source mechanisms, the
structural complexities of active geotectonic fault zones,
and the earthquake recurrence interval, expected at a given
location. Rock microfracturing in the Earth’s crust preced-
ing a seismic rupture may cause local surface deformation
fields, rock dislocations, charged particle generation and
motion, electrical conductivity changes, radon and other
gases emission, fluid diffusion, electrokinetic, piezomagnetic
and piezoelectric effects as well as climate fluctuations.
Space-time anomalies of radon gas emitted in underground
water, soil and near the ground air weeks to days in the epi-
central areas can be associated with the strain stress changes
that occurred before the occurrence of medium and strong
earthquakes. This paper presents some results of continuous
monitoring of radon in air near the ground in Vrancea seis-

mic area, Romania and investigates temporal variations of
radon concentration levels in air near or in the ground by the
use of short term (ten days exposure time) solid state nucle-
ar track detectors (SSNTD) CR-39. Radon in air monitoring
together with seismic activity and meteorological parame-
ters were performed at seismic stations Plostina (Vrancea),
Cheia (Muntele Rosu Observatory) and Bucharest Magurele,
Romania. Radon anomalies along with meteorological pa-
rameters were found to be statistically significant for the
seismic events within the moment magnitudes M, > 5.0 and
epicentral distances of 15-200 km from the monitoring sta-
tion. The frequent positive and negative anomalies with
constant environmental perturbation indicate the opening
and closing of micro cracks within the volume of dilatancy
by strain stress energy. The spike-like and sharp peak anom-
alies were recorded before, during and after earthquakes
occurred in the area. The variations of radon in air above the
ground concentrations were found to be correlated with
seismic activities in the Vrancea area. The correlation be-
tween radon level and meteorological parameters was also
discussed.
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CHARACTERIZATION OF GIRENTUXIMAB-DOTA CONJUGATES FOR LABELLING

WITH THERAPEUTIC RADIONUCLIDES

Tais Basaco' **, Stefanie Pektor?, Niurka Meneses?, Josue Moreno!, Matthias Miederer?, Andreas Tiirler'?
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Girentuximab (cG250) is a chimeric monoclonal antibody
(mAb) reactive with the CAIX antigen, overexpressed on
the cell surface of most (>90%) clear cell carcinomas
(RCCs) being a potential candidate for radioimmunotherapy
of RCCs. The goals of this study are to conjugate G250 na-
tive antibody with the bifunctional chelating agent DOTA
(1,4,7,10-Tetraazacyclododecane-N,N’,N** N’”’-tetraacetic
acid) via a benzyl-thiocyano group as a linker (p-SCN-fn-
DOTA), characterize the conjugates by mass spectrometry
(LC/MS-MS) and evaluate the immunoreactivity of the
bioconjugates. DOTA-G250 conjugates were prepared and
purified by membrane centrifugation. The conjugates were
analyzed by size exclusion chromatography (SE-HPLC)
and by infusion on LC/MS-MS to determine exact mass.
The conjugates were characterized by electrophoresis using
12.5% acrylamide gels and sodium dodecyl sulphate (SDS-
PAGE). After, they were digested with trypsin and injected
on LC/MS-MS using high collision dissociation (HCD) and
electron transfer dissociation (ETD) to identify the potential
modified peptides. The conjugates were labeled with '7’Lu
in sodium acetate buffer pH = 5.5-7 at 37 °C. The immuno-
reactivity was evaluated in CAIX negative (SKRC-18) and
CAIX positive (SKRC-52). The protein conjugation and pu-
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rification was proved by the HPLC comparing the position
of the peak for DOTA-G250 with the peak of native G250.
In addition, on the SDS-PAGE chromatograms the conju-
gate zones, as expected, were broader and shifted to higher
molecular weight compared to the native zones. The ratio of
DOTA molecules per molecule of mAb ranged from 2 to 6
in different conjugates based on the information from the
mass spectra and SDS-PAGE chromatogram of the light
chains (LH). In the case of the heavy chain (HC), the ratio
was higher but it could not be exactly measured by intact
mass due to the high heterogeneity. The peptide sequence
coverage in the conjugates was 98% and 92% for the LC
and HC, respectively and potential DOTA modification sites
were identified. The conjugates were labelled with '7’Lu ob-
tained >95% of radiochemical yield. High specific activities
(12 MBq/ng) were reached with this type of conjugates.
The radioconstructs with highest specific activity were not
stabilized in presence of sodium ascorbate post labeling.
The binding to cells was higher in the type of conjugates
with less DOTA.

In a further stage of the work, it is intended to label the
DOTA-G250 conjugates with, 2>Ac and evaluate the prop-
erties of the labelled constructs in vitro and in vivo.

SYNTHESIS AND IN VIVO EVALUATION OF (R)-(+)- AND (S)-(-)-'*F-LABELED
2-ARYLBENZOHETEROCYCLIC DERIVATIVES FOR PET MAPPING OF B-AMYLOID PLAQUES

Mengchao Cui'*, Yanping Yang!, Xuedan Wang', Hualong Fu', Jinming Zhang?, Xiaojun Zhang?, Boli Liu'

'Key Laboratory of Radiopharmaceuticals, Ministry of Education, College of Chemistry, Beijing Normal University, Beijing, China,

*e-mail: cme@bnu.edu.cn
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In pursuit of reducing lipophilicity and enhancing signal-
to-noise ratio of radiotracers targeting Af plaques in AD
brains, three pairs of enantiopure (R)- and (S)-'®F-labeled
2-arylbenzoheterocyclic derivatives were designed, synthe-

sized and evaluated. In biodistribution studies, all the (S)-
enantiomers exhibited dramatically improved clearance
profiles with several-fold higher brain, , /briang, . ratio
than the (R)-enantiomers, and this phenomenon was further
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investigated by in vivo metabolism studies. The most potent
probe, (S)-['*F]28, exhibited a combination of high binding
affinity to A aggregates (K, = 15.5 £ 3.2), high initial brain
uptake (9.46% ID/g at 2 min), fast clearance from normal
brain tissue (brain, , /briang, ,, ratio =27.8), and satisfacto-
ry in vivo biostability in the brain (80% of intact form at
30 min). (S)-['®F]28 clearly labeled ApS plaques in in vitro
autoradiography of postmortem AD patients and Tg mice
brain sections. Ex vivo autoradiography in Tg mouse fur-
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ther demonstrated that (S)-['F]28 did penetrate the intact
BBB and specifically bind to Af plaques in vivo. Finally,
a direct comparison of PET/CT scans in rhesus monkeys
between (S)-['*F]28 and ['*F]AV45 were performed. (S)-
['®F]28 displayed about two folds clearance rate and lower
white matter uptake in the monkey brain than ['*F]AV45.
Overall, (S)-['*F]28 may be a potential PET probe for imag-
ing Ap plaques in AD brains, and further PET studies in hu-
man were currently onder way.

SEMI-AUTOMATED SYSTEM FOR PURIFICATION, CONENTRATING AND LABELING
OF %Ga-RADIOPHARMACA FOR PRECLINICAL APPLICATION

Erik de Blois*, Rory de Zanger, Max van Peski, Ho Sze Chan, Wouter Breeman

Department of Nuclear Medicine, Erasmus MC, Wytemaweg 12, the Netherlands, *e-mail: r.deblois@erasmusmc.nl

Keywords: %Ga-generator, preclinical application, imaging

Generator B C

Dispenser
(pump)

Fig. 1. Schematic of NaCl based purification of *Ga eluate
to make ready to use high concentrated **Ga suitable for direct
radiolabelling. A: 0.1 M HCI for eluting generator. B: 1 mL Syringe
with 0.5 mL of 5 M NacCl (spiked with HCI) for desorption of ¢*Ga.
C: 10 mL Syringe with air to empty column before elution of **Ga

Introduction: Nowadays %Ga-radiopharmaca have become
more common in the field of Nuclear Medicine to visualize
receptor-mediated processes. In contrast to straightforward
labelling-procedures for these clinical applications, preclin-
ical application are hampered for reasons like low vol-
ume-activity, volume, high osmolality high specific activity.
Therefore we developed a semi-automatic system specifi-
cally to overcome these problems (Fig. /).

Objectives.: Obtain within 20 minutes, applicable amounts
of %Ga labelled peptide (20-30 MBg/nmol) for preclinical
application such as imaging. In contrast to human applica-
tion (e.g. 35 nmoles/ 150 MBq/ 9 mL at ~300 mosmol),
specification for mice injection are 0.2 nmoles/5 MBq in
<0.2 mL ~300 mosmol. The here described system was in-
vestigated by using a 9-12 month old clinical grade *Ga-
generator (EZAG) originally containing 1110 MBq (now
200-300 MBq), which is too low for clinical applications.

Methods and materials: NaCl based method (Muller et
al., 2012) and was implemented in low volume PEEK sys-
tem (tubing 0.03 inch) (Fig. I). Bio-Safe column (PEEK-
2.1x300 mm — 2 um filter frits — total volume 173 L,
Triskem) was filled with PSH resin (50 mg, cation) and con-
nected to 6-way manual valve (Inacom instruments). %Ga
was trapped on the column (position 2) by eluting **Ga-
generator with 6 mL 0.1 M HCIL. Valve was switched (posi-
tion 4) and flushed with 10 mL of air to empty PEEK tubing
and PSH column. Valve was switched to position 3 and con-
tent of syringe B (see Fig. 1) was used to desorb ®*Ga from
the resin. 0.2 mL was collected, aliquot was taken (0.1 mL),
buffer (<0.050 mL of 0.5 M sodium acetate pH 5) was man-
ually added to adjust pH to 3.5. DOTA-TATE was used as a
peptide model. Radiolabelling was performed after addition of
DOTA-TATE (4.8-7.2 nmoles) and heated for 5 min 80 °C.

Results: >60% (120-180 MBq) of %Ga activity was des-
orbed from PSH column and collected in <0.2 mL. %Ga
could be labelled with DOTA-TATE at high incorporation
(ITLC) and radiochemical purity (HPLC). After radiolabel-
ling, peptide could be diluted to physiological conditions to
required condition (200 pmoles/5 MBq in <0.2 mL ~300
mosmol) which is suitable for intravenous mice injection.

Conclusions: With here described system low activity
containing %Ga-generator could be used to label DOTA-pep-
tide in preclinical applicable amounts and within 20 minutes.
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THE METALLOBIOCHEMISTRY OF ULTRATRACE LEVELS OF TECHNETIUM-99 IN THE RAT
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Technetium-99 (**Tc) is a radioactive metal originated by
natural spontaneous fission of 28U. Although it has no sig-
nificant industrial use, not negligible amounts of this radio-
element are produced as fission product in nuclear reactors
for energy production, being present in fuel reprocessing
plants and in facilities that treat or store radioactive waste,
in which represents the largest fraction of the total long-
lived radiation emissions. In addition, its short-lived parent,
9mTe (t,, = 6 h), produced by *Mo/*"Tc cow, is widely
used for medical diagnostic purposes. In recent years there
was a worldwide shortage of ®?Mo/?*"Tc system that boosted
the interest in verifying alternative way of production of
PmTc by cyclotron via '“Mo(p,2n)*™Tc nuclear reaction.
The *Tc from *™Tc decay must be assessed in the patient
dosimetry. In addition, *™Tc is recently used for the radiola-
belling of chitosan nanoparticles. Consequently, *Tc is also
present in hospitals, academic institutions and research es-
tablishments. Although a huge amount of literature is exist-
ing on concentrations and accumulation of *Tc in different
environmental compartments, much less is still today known
about its metabolic patterns in mammals. In this context, the
characteristics of Tc such as a long half-life (t,, =2.1x10° a)
and consequently a poor specific radioactivity (Ag = 630
kBg/mg) as well as the pure B-nature of the emitted radia-
tion, make very difficult its direct use for studies on meta-
bolic fate of environmental doses in tissues, subcellular
fractions and biomolecules of mammalian systems. On the
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other hands the short half-life of *"Tc makes it not suitable
for such metallobiochemical experiments at medium term
exposure. In this work, we studied the metabolic patterns
of ultratrace levels of Tc in rats by using **"Tc radiotracer
(t,, = 60 d, E, =204 keV), that was prepared by cyclotron
irradiation on natural Mo target via "*Mo(p,xn)*™Tc nuclear
reaction and separated radiochemically in the form of oxya-
nion *nTcO,” (Aq = 840 MBqg/mg). Groups of feeded and
non feeded animals received orally 2.33 ng *™Tc/rat as
pertechtenate. At 4 h post-exposure the radioactivity in tis-
sues of the non feeded group was significantly higher com-
pared to that of the feeded animals, stomach, thyroid, skin,
fat, intestine, kidney and liver having the highest percent-
age of the dose administered. In the blood the radioactivity
was mainly present in the plasma in association with pro-
teins and biomolecules with low molecular weight. In feed-
ing rats after 1,2, 4, 8 and 15 d, *™Tc, retained in the tissues,
gradually decreased being <1% of the dose administered at
15 d, suggesting a short biological half-life of the radioele-
ment in rats. A rapid elimination of **™Tc occurred in the first
2 d, the main route of excretion being via feces. In the liver,
kidney and spleen, nuclei and mitochondria were the cellu-
lar organelles retaining the major fraction of the cellular ra-
dioactivity. Gel filtration of the *>™Tc-cytosol showed that
the radioelement was present in association with two bio-
chemical pools being eluted as two main peaks correspond-
ing to high and low molecular weight components.

EFFICIENT RADIOSYNTHESIS OF '“I-LABELED RUTIN FOR BIODISTRIBUTION STUDY

OF RUTIN

Jongho Jeon' ?*, Mi Hee Choi!, Jung Ae Kang!, Ha Eun Shim', You Ree Nam'!, Hye Rim Kim',

Dae Seong Choi', Sang Hyun Park’ 2, Beom-Su Jang' ?
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The purpose of this research is to synthesize radiolabeled
rutin for biodistribution study and in vivo SPECT/CT image
of rutin. An optimized labeling condition provided '*’I-labe-
led product with 53.5% of radiochemical yield and >99% of

radiochemical purity (Scheme 1). A weak acidic condition
(pH = 4-5) and short reaction time (<3 min) were key fac-
tors to provide high radiochemical yield and to minimize
impurities during the labeling reaction. Radioiodine labeled
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rutin was orally administered to normal ICR mice and bio-
distribution data and images were obtained using SPECT/
CT imaging system (Fig. 1). Ex vivo biodistribution study
showed that most of *’[-labeled rutin was initially found in
the stomach and small intestine and a portion of the product
was then distributed in internal organs such as liver, spleen

and kidneys. While intravenously injected !>’I-labeled rutin
was accumulated in liver and then a large part of it was
transferred to small intestine. The present results provide an
efficient radiolabeling method of flavonoid glycoside as
well as quantitative organ distribution of orally adminis-
tered and intravenously injected rutin.

o -
H w
° ° I\ O on OH .,
&mcﬁ ['?51]Nal, Chloramine T d-li)mcm
OH O 0] o
HO 2 HO o]
HO o
OH OH
Rutin 125|.1abeled rutin

Scheme 1. Radiolabeling of rutin using '*’I, radiochemical yield = 53.5 + 7.5% (n = 4)

Fig. 1. SPECT/CT images of orally administered '>’I-labeled rutin.
(a) 1 h post administration (b) 2 h post administration (c) 4 h post administration
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RADIOIMMUNOCHEMICAL STUDIES TO DEVELOPMENT
OF SOLID PHASE RADIOIMMUNOASSAY SYSTEM USING COATED BEADS
FOR THE ASSESSMENT OF HUMAN CHORIONIC GONADOTROPIN

Kh. M. Sallam*, A. S. A. ElI-Bayoumy, N. L. Mehny
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A method has been developed for immobilization of prepared
human chorionic gonadotropin (B-HCG) antisera on fresh
plastic beads through an immunochemical bridge. This type
of immobilization has been shown to be more consistent than
direct adsorption on plastic. Such immunochemically coated

antisera on plastic beads has been used in the development of
a non centrifugation radioimmunoassay. In addition to the
preparation of '“I-BHCG using different oxidizing agents
was carried out. The solid phase RIA assay system has been
found to be technically as sound as the conventional method.
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RADIOLABELING OF MELATONIN USING DIFFERENT OXIDIZING AGENTS

FOR IMMUNOASSAY PURPOSE
Kh. M. Sallam™*, A. S. A. EI-Bayoumy, N. Farouk
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A specific and sensitive double antibody radioimmu-
noassay for melatonin (Nacetyl-5-methoxytryptamine) has
been developed utilizing N-3-(4-hydroxyphenyl)-propion-
yl-5-methoxytryptamine for radioiodination using different
oxidizing agents. Also utilizing rabbit antisera to a bovine
serum albumin conjugate of N-succinyl-5-methoxytryptamine
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using four rabbits was carried out. Optimization of RIA kit
was carried out followed by validation tests. Serum samples
with melatonin concentrations of 700 pg/ml, 350 pg/ml and
100 pg/ml had intra-assay coefficients of variation of 8.7%,
9.4%, and 11.2%, respectively. The respective inter-assay
coefficients of variation were 12.1%, 12.5%, and 13.2%.

SEPARATION AND PURIFICATION OF TECHNETIUM-99m
FROM MOLYBDENUM-99 PRODUCED BY ELECTRON LINEAR ACCELERATOR

Katsuyoshi Tatenuma’, Yumi Suzuki’, Akira Tsuguchi', Atsushi Tanaka', Takahiro Tadokoro’, Yuko Kani?,
Yasumasa Morikawa’, Asaki Yamamoto?, Shun Sekimoto’* Tsutomu Ohtsuki*

'Kaken Inc, Mito, Japan
Hitachi, Ltd., Hitachi, Japan
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“Kyoto University Research Reactor Institute, 2-1010, Asashiro-Nishi, Kumatori, Sen-nan, Osaka 5900494, Japan,

*e-mail: sekimoto@rri.kyoto-u.ac.jp

Keywords: electron linear accelerator, Tc-99m, Mo0-99, Tc-99m master milker, Tc-99m generator

Shortage in supply of Mo-99 resulting from the shutdown
of reactors for its production can be a global issue. Recently,
therefore, production of M0-99 by using an accelerator has
been investigated in Japan. We have also launched the de-
velopment of new complex system for production of M0-99
by using an electron linear accelerator and subsequent
separation system of Tc-99m. In our previous experiments,
Mo-100 oxide powder was irradiated with bremsstrahl-
ung photons generated using the electron linear accelerator
in Research Reactor Institute, Kyoto University (KUR-
Linac), and we confirmed that Mo-99 was successfully pro-
duced [1].

In this study, separation and purification method of
Tc-99m generated from Mo-99 was applied to Mo-99 pro-
duced in KUR-Linac. The milker method from Mo-99 to
Tc-99m is able to generate an enormous amount of Tc-99m

(1.8E+13 Bq in maximum) as the practical application stage
for generation of high-purity and concentration Tc-99m
solution, even though the specific activity of Mo-99 as a
source material is low (1.8-3.7E+10 Bqg/g Mo) [2]. Addi-
tionally, it is found that the NAC (Nanosize Alumina Coag-
ulated) type of column for adsorption of M0-99 was a pow-
erful tool as the Tc-99m generator. The detail of Tc-99m
separation system will be discussed in the presentation.
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TECHNETIUM-99m LABELED MULTIVALENT GALACTOSYL DENDRIMER

FOR HEPATIC ASGP RECEPTOR IMAGING
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Accurate assessment of liver function could be useful for
guiding treatment and evaluating prognostic factors. Radio-
labeled ASGPr (asialoglycoprotein receptor) probes can
provide a noninvasive, sensitive and accurate way to esti-
mate liver function. In this study, the novel ASGPr probes
are prepared by radiolabeled multivalent galactosyl den-
dritic probe with *mTc and studied with microSPECT imag-
ing in SD rats.

Radiosynthesis: The multivalent galactosyl dendritic
precursor G2-4La-HYNIC was labeled with *™Tc using tri-
cine as coligand. The labeling yield was greater than 95%.
After rapid purified with HiTrap desalting column, the radi-
ochemical purity of *"Tc[G2-4La-HYNIC](tricine), was
above 99% as determined by TLC and radio-HPLC.

Biodistribution: *™Tc[G2-4La-HYNIC](tricine), (about
0.185 MBq, 10°mol/kg) was injected into mice through
the tail vein. *mTc[G2-4La-HYNIC](tricine), had rapid liver
accumulation with good retention. The initial liver uptake is
32.244.2% %ID/g at 10 min after injection (n = 5). At 30 and
120 min post-injection time the liver uptake were 32.3+£2.2
%ID/g and 30.6+3.9 %ID/g, respectively. The blood and kid-
ney showed relatively low activity. When using GSA as in-
hibitor, the liver uptake was decreased significantly (P<0.01).
The results of biodistribution showed that the *"Tc[G2-4La-
HYNIC](tricine), has high affinity with the ASGP receptor,
and its uptake in the liver via receptor-mediated.

Dynamic SPECT imaging: Data were acquired using a
small animal SPECT/CT scanner, which was developed by
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the IHEP, CAS. An one-hour dynamic scan of SD rat was
conducted immediately after injected via the tail vein with
37 MBq of *mTc[G2-4La-HYNIC](tricine), (1.3x108 mol/
kg). ROI were drawn on the heart, liver, and kidneys and the
time activity curves were calculated for these regions. The
liver uptake in rats peaked within 10 min after injection,
while the radioactivity in the blood was decreased rapidly.
A part of radioactivity was metabolized via the kidneys.
About 4 min to reach the peak, then quickly washout from
kidneys. The blocking study was performed by pre-injected
free GSA five minutes before intravenously injected of the
radiotracer. The results showed that the radioactivity level
in the liver was significantly reduced and retained within
1 h. After blocking, the unbounded tracer could rapid clear
through the kidney. The **"Tc[G2-4La-HYNIC](tricine),
had a short circulation time in bloodstream which could
reduce the level of radioactivity in the hepatic blood pool
and other vascularized organs.

Conclusions: *"Tc[G2-4La-HYNIC](tricine), was pre-
pared with high radiochemical yield. Biodistribution and
imaging studies demonstrated hepatic targeting and rapid
blood clearance for this tracer. The promising biological
properties affords potential applications for assessment of
hepatocyte function in the future.
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Recently, use of natural products has gained more impor-
tance and recent studies emphasized that consuming crucif-
erous vegetables (broccoli, brussel sprout, caulifiower, collard

greens and curly kale) lowers cancer risk. In the literature,
there are a lot of studies which are showed that indole3carbi-
nol (I3C) and metabolic ingredients of cruciferous vegeta-



130

RANC2016 + 10-15 April, 2016 * Budapest, Hungary

bles provide antitumor activity against many cancer types
including breast, prostate and colon cancer.

In present study, radioiodination and encapsulation with
poly lactic-co-glycolic acid (PLGA) of I3C has been per-
formed. Anticancerogenic effects of I3C and PLGA encapsu-
lated I3C (I3C-PLGA) have been investigated utilizing in vit-
ro methods.

Nanoparticles containing biodegradable and biocompati-
ble polymers such as PLGA have been widely used and im-
portant research subject about pharmaceutical carriers. Their
main usages in medical science contain being a carrier for
drug, genes and antigens as well as in vitro studies. In this
study, quality control of I3C and I3C-PLGA has been per-
formed with High Performance Liquid Chromatography
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(HPLC) and structural analysis of '*7I-I3C has been verified
using Nuclear Magnetic Resonance (NMR). I3C and 13C-
PLGA compounds have been radiolabelled in high yields
with BT [(B-I3C), (P'I-I3C-PLGA)] which is widely used
for diagnosis and treatment in nuclear medicine. Quality
control studies of radioiodinated compounds have been deter-
mined using Thin Layer Radio-Chromatography (TLRC)
while anticancerogenic effects have been studied on breast
adenocarcinoma epithelial (MCF-7), colon adenocarcinoma
epithelial (Caco-2), prostate carcinoma epithelial (PC3) cells.

All experimental results demonstrated that radioiodinat-
ed compounds are promising in order to be used in nuclear
medicine as well as present study contributed previously
reported studies.

INVESTIGATION OF *"Tc LABELLED PLUMBAGIN VIA ER DEPENDENT EXAMINATION
AGAINST BREAST CANCER CELLS AND COMPARISON WITH PLGA ENCAPSULATED FORM
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Plant origin products having anticancer properties gain
importance because of cancer prevalent. Within the cancer
types, breast cancer is second at the causes of death in
women. Because of the heterogeneity of breast cancer is
main roadblock at the diagnosis and targeted therapy, main-
ly researchers are focused on studies willing to add novel
advances in detection and treatment of breast cancer. Al-
though estrogen receptor (ER) expression is closely associ-
ated with the biology of breast carcinoma, little is known
about mechanisms which control ER expression. The ex-
pression of ER plays a central role in the biology of breast
cancer. This means that ER specifity of any agent has a note-
worthy significance.

Plumbagin (PL) which is naturally present in Plumbago
zeylanica has been used in Indian medicine since the an-
cient time. It is reported that PL exhibited anticancer and
antiproliferation properties on a variety of cell lines and
animal models. Recently; investigation of the potential and
mechanism of PL on various cancer types and diseases
gained great importance because of the biological activities
of PL including antitumor activity. In several studies it is
seen that PL has inhibitory effect on various cancer cells
such as prostate, ovarian etc. However, ER dependent data
of PL on breast cancer cells were missed.

In current study, ER dependent diagnosis potential of
PL is investigated by labelling with *™Tc and in vitro stud-
ies (cytotoxicity and incorporation assays) on ER positive
(MCF-7) and negative (MDA-MB-231) adenocarcinoma
cells. Additionally, poly (D,L-lactide)-co-gly-colide (PLGA)
encapsulation of PL (PL-PLGA) is carried out to reduce
toxicity of PL. Also, effect of encapsulation on its poten-
tial is investigated.

Consequently, PL and PL-PLGA were labelled with
PmTe (*mTe-PL and *"Tc-PL-PLGA) in yields over 95%.
PmTc-PL-PLGA was more stable than *™Tc-PL. Both la-
belled compounds were hydrophilic; *™Tc-PL-PLGA was
more hydrophilic. Cytotoxicity assays were confirmed that
PLGA encapsulation was eliminated the toxicity of PL.
mTc alone has no important incorporation on adenocarci-
noma cells, the incorporation percent of *"Tc-PL and
#mTc-PL-PLGA increased in an ER dependent manner.
Both of the labelled compounds have ER specificity. It is
seen that "Tc-PL-PLGA has considerably high ER de-
pendent incorporation efficiency than **"Tc-PL.

To sum up, PLGA encapsulation effected positively on
properties of PL; reduced toxicity, increased stability and
ER specifity. A promising agent for the diagnosis of ER+
breast cancer is suggested.
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REMOVAL OF 2Ra FROM AQUEOUS MEDIA AND ITS THERMODYNAMICS AND KINETICS
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Several radionuclides can be found in aquatic environment,
both naturally occurring and anthropogenic. Their concen-
trations are variable and depend on the nature of the aquifer
rock type sand the prevailing lithology. Preconcentration
and separation processes based on adsorption processes
are important in nuclear technology, industry, medicine and
daily life. Adsorption of radioactive elements onto various
solids is important in purification process, environmental
contamination and separation and preconcentration of ele-
ments. Many organic and inorganic adsorbents are used
treatment of radioactive and industrial wastes. The compos-
ite adsorbents are very special class of adsorbents, devel-
oped to improve the processes of separation, concentration
or removal of metal ions from solutions. They have attract-
ed attention as adsorber materials in recent year.

In this study, the composite adsorbent as granule were
prepared by mixing of poliacrylonitrile (PAN) and clinop-

20

tilolite that is a natural zeolite in specific conditions. The
prepared composite adsorbent was used for investigating
the adsorption behaviour of 22°Ra. Adsorption of ??Ra was
studied in column system. The effective parameters such as
pH of the solution, contact time in column and temperature
of solution for adsorption behaviour of ?°Ra were studied.
Adsorption yield of ??°Ra on composite adsorbent from
aqueous solution in optimum conditions were determined
as 98.73+£0.59% at pH 5.0 for 30 °C in a short time. The
applications of the isotherm models such as Langmuir,
Freundlich, Dubinin—Radushkevich (D-R) isotherms have
been studied to evaluated adsorption characteristics of ?*’Ra
onto composite adsorbent. It was found that the processes
for °Ra were exothermic. The thermodynamic parameters
such as free energy (DG°), enthalpy of adsorption (DH®)
and entropy (DS°) were calculated. Adsorption kinetics of
the radium were also studied.

URANIUM RECOVERY FROM SIMULATED Mo PRODUCTION WASTE USING
NON-DISPERSIVE MEMBRANE BASED SOLVENT EXTRACTION
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Dispersive solvent extraction and non-dispersive mem-
brane based solvent extraction (MBSX) was investigated
for uranium (U) recovery from waste containing nitric acid
(HNO,), acetohydroxamic acid (AHA) and a unique matrix
of fission product surrogates present in Mo production
residue, with tributyl phosphate (TBP) as extractant. Similar
U(VI) extraction results (95% with [U(VI)] = 7500 mg L)
were obtained for both MBSX and dispersive contacting
methods and no significant amount of fission products were
extracted. AHA did not significantly influence U(VI) or fis-

sion product extraction. With MBSX, U(VI) was stripped
almost completely from TBP in a single stage using 0.5 M
ammonium carbonate ((NH,),CO,), compared to traditional
dilute HNO, with which complete U(VI) recovery (in a sin-
gle stage) was not possible. MBSX has been established
as a promising technique for U(VI) recovery from a simu-
lated HNO, waste stream generated during *Mo produc-
tion. Complete U(VI) extraction and stripping in a single
membrane contactor may be achieved when using a disper-
sion liquid membrane (DLM) configuration.
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THE EFFECT OF NITRIC ACID CONCENTRATION ON HIGHER VALENCE AMERICIUM

REDUCTION KINETICS
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Numerous solvent extraction processes have been pro-
posed in an attempt to fully close the nuclear fuel cycle and
incorporate recycling of the reusable materials. One com-
mon component among the industrially relevant separa-
tions systems is the oxidation state manipulation of Pu and
Np. Recent efforts to streamline the processes necessary
to recycle used nuclear fuel have included oxidizing ameri-
cium, one of the minor actinides found in the fuel after irra-
diation. Oxidizing Am(III) to Am(VI) would simplify used
fuel recycling by incorporating a group actinide decontami-
nation where U, Pu, Np, and Am are co-extracted in one step
and then selectively back extracted into appropriate prod-
uct streams. Americium(III) oxidation to Am(VI) is easily
achieved in high nitric acid medium using the powerful
oxidant sodium bismuthate. This process is represented in
the following equation:

2Am**+3Bi0, + 10H" — 2Am0,2*+3Bi* +5H,0 (1)
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This type of process would require a complete understand-
ing of not only Am(III) oxidation to Am(VI) but also subse-
quent reduction of the Am(VI) back to Am(III). For this
system, the auto reduction rates for Am(VI) to Am(V) and
Am(III) are complicated by secondary reactions with radi-
olysis products produced by the Americium’s alpha decay.
Another complicating factor which could affect the Am(VI)
reduction kinetics include disproportionation reactions
in higher acid media. The goal of this project is to monitor
the reduction of Am(VI) to Am(V) and Am(III) and deter-
mine the kinetic reaction rates, the Kinetic reaction orders,
and the simultaneous secondary reaction mechanisms. It is
envisioned the layers of complexity associated with these
types of kinetics can be peeled back and a deeper funda-
mental understanding of Am(VI) reduction in the presence
of higher concentrations of nitric acid and americium metal
ions and can be obtained.

EVIDENCE FOR THE PREDOMINANCE IN AQUEOUS SOLUTIONS OF A MIXED TRIHALOGEN
SPECIES, AtIBr—: A COMBINED EXPERIMENTAL AND COMPUTATIONAL STUDY

Ning Guo*, Dumitru-Claudiu Sergentu, David Teze, Rémi Maurice, Julie Champion,
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Astatine-211 is a promising therapeutic agent for nuclear
medicine [1, 2]. Indeed, the radioactive properties of this
alpha emitter At-211 make it an effective candidate for tar-
geted alpha therapy, in which it must be bound to adequate
targeting agents. Although this fact has triggered many in-
vestigations in the last two decades, the basic physical and
chemical properties of astatine are still poorly known [3].
Actually, studying the chemical properties of astatine spe-
cies is particularly difficult since one can only work at
ultra-trace concentrations (typically 107" to 10715 molxL™).
Therefore, no spectroscopic tool can be used to identify as-
tatine species. The firm identification of such species thus

requires combining the outcomes of experiments and com-
putations, for instance based on density functional theory
[4—6]. In previous studies, stable At" and AtO" species were
identified in acidic and non-complexing aqueous media,
which indicates a more “metallic” character of At, com-
pared to the other halogens [7]. At" can form some com-
plexes of the AtX and AtX, types (with X = Cl, Br), for
which the complexation constants can be determined from
the modeling of liquid/liquid extraction curves [4].

In this work, we determine the complexation constants
corresponding to the Atl and Atl,~ species with the same
methodology, and show that a new species can be formed
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in solutions containing both Br~ and I” ions, with an asso-
ciated complexation constant of 7.5+0.2 (in Log). By com-
paring this value to computed ones, we identify this spe-
cies as being AtIBr-, a mixed trihalogen anion. To the best
of our knowledge, it is the first time that such a trihalogen
species is found stable in solution, and can be even pre-
dominant.
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AN IMPROVEMENT IN THE PRETREATING TECHNIQUE FOR DETERMINING

RADIONUCLIDES IN SEAWATER

Jianhua He, Yiliang Li, Dekun Huang, Feng Lin, Wu Men, Wen Yu
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Keywords: radionuclides, pretreatment, equipment

An integrated equipment was developed in order to faster
the precipitation and filtration process during the analysis of
radionuclides, such as Cesium, Strontium, Cobalt, Thorium,
Radium, etc., in large volume seawater. The solution could
be filtrated immediately, without waiting for settlement,
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after the reaction and radioactive equilibrium with this
equipment, that will Improve pretreatment efficiency doz-
ens of times from several days to less than one hours. Also
this equipment is suitable for operation onboard.

A STUDY ON SALT SEPARATION WITH HIGH THROUGHPUT FROM URANIUM DEPOSITS
S. W. Kwon*, J. H. Jeung, S. B. Park, S. W. Paik, D. H. Ahn

Korea Atomic Energy Research Institute, 989-111 Daedukdaero, Yuseong, Daejeon, 305-353, Korea, *e-mail: swkwon@kaeri.re.kr

Keywords: electrorefining, pyroprocess, high throughput, salt distillation

Pyroprocessing has been developed for the recovery of
actinide elements from spent fuel due to its advantages of a
compactness, a nuclear proliferation resistance, and a reduc-
tion of a secondary waste generation. The solid cathode pro-
cessing is necessary to separate the salt from the cathode for
the preparation of the uranium ingot with a high purity. It is
indispensable to increase a throughput of the salt removal
process from uranium deposits which is generated on the
solid cathode of electro-refiner in pyroprocess. In this study,
it was studied on the development of the salt distiller with

high throughput for the separation of adhered salt in the
uranium deposits generated from the electro-refiner. Some
concepts such as a liquid salt separation prior to salt distilla-
tion and a porous crucible system were proposed for the
enlargement of the throughput. The feasibility of the con-
cepts was examined by the salt separation experiments.
The amount of salt to be distilled could be reduced by the
liquid salt separation prior to the salt distillation. The resid-
ual salt remained in the deposits after the liquid salt separa-
tion was successfully removed further by the vacuum distil-
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lation. A porous crucible system was introduced for the
successful liquid salt separation. Two step weight reductions
took place in the porous crucible, whereas the salt weight
reduced only at high temperature by distillation in a nonpo-
rous crucible. The first weight reduction was caused by the
liquid salt penetrated out through the perforated crucible
during the temperature elevation until the distillation tem-
perature. After the liquid salt flew out through the perforated
crucible by gravity, the weight was kept constant until the

33

salt evaporation temperature. Besides the porous crucible,
the concept of multiple crucibles was also proposed. Multi-
layer crucibles have a benefit to expand the evaporation sur-
face area. It could be concluded that the multilayer porous
crucible system is an effective way for the achievement of a
high throughput performance in the salt separation process
because the liquid salt of the uranium deposits can be sepa-
rated during temperature elevation for the distillation and
high surface area for salt evaporation.

AN ADAPTIVE SUPRAMOLECULAR ORGANIC FRAMEWORK FOR HIGHLY EFFICIENT
SEPARATION OF URANIUM VIA IN SITU INDUCED FIT MECHANISM

Bo Li, Chiyao Bai, Shuang Zhang, Xiaosheng Zhao, Lei Wang, Yang Li, Kuan Ding, Xi Shu,

Shoujian Li, Lijian Ma
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Chengdu 610064, P. R. China, e-mail: sjli000616@scu.edu.cn

Uranium is one of the most important source materials for
nuclear energy industry. Thus, separation and recovery of
uranium from various uranium-containing aqueous Sys-
tems are of great scientific and practical significance. In the
present work, on the basis of the unusual coordination
structure of UO,? [1] combined with the adaptive nature
of supramolecular organic frameworks (SOFs) [2, 3], we
designed and prepared a novel SOF-based SPE adsor-
bent (MA-TMA) using N-donor-containing melamine
(MA) and O-donor-containing trimesic acid (TMA) as bi-
functional building blocks mutually linked via hydrogen
bonds. The as-prepared MA-TMA, with rich N-/N- and
N-/O-heterocyclic structure throughout its framework, pro-
vide accessible coordination geometry and/or ligand envi-
ronment for uranyl ion, which builds the crucial structural
basis for the pre-organized adaptive frameworks closely
related to the “induced-fit” and selective recognition of
uranyl ion. The main results are as follows: 1) The highest
selectivity of 92%, so far unreported, and a considerable ca-
pacity of 324 mg g! for uranium adsorption by MA-TMA
are observed in a weak acidic multi-cation solution (pH
2.5), accompanying with a distribution coefficient K value
of 16000 mL g!, 100-fold or more over other 11 competi-
tive cations; 2) MA-TMA could reach its limiting saturation
capacity of 1028 mg g! at pH 4.5 in pure-U(VI) solution;
3) Noteworthily, the morphology of MA-TMA changed
from the ribbon-like structure in nano-diameter before ad-
sorption into the aggregated granules with a size of tens of
microns after adsorption, which would be much more fa-
vorable for subsequent solid-liquid separation. Further-

more, possible mechanisms for the selective recognition of
uranyl is explored based on experimental characterization
and chemical rationale (Scheme 1).
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Scheme 1. Possible mechanism of uranium extraction by MA-TMA
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MICRO-CHROMATOGRAPHIC SYSTEMS FOR RADIOCHEMISTRY:
AN ORGANIC MONOLITH FOR THE SEPARATION U/EU
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spent fuel

The use of a centrifugal microfluidic platform is an alterna-
tive to classical chromatographic procedures for radiochem-
istry. The original design of the microfluidic platform has
been thought to fasten and simplify the prototyping process
with the use of a circular platform integrating four rectan-
gular microchips made of thermoplastic. The microchips,
dedicated to anion-exchange chromatographic separations,
integrate a localized monolithic stationary phase as well
as injection and collection reservoirs. An ion-exchange
support with respect to the in-situ light-addressable process
of elaboration is specifically designed to be incorporated as
radiochemical sample preparation module in microsystem
devices.

Since their introduction in the early 1990s polymeth-
acrylate monoliths have emerged as a powerful alternative
for microscale separations or sample treatment. Their rela-
tively simple implementation in columns with small inter-
nal diameters makes them particularly attractive for the
new chromatographic challenges of complex matrices anal-
ysis and on-chip separations. Despite their relatively poor
ion-exchange capacity due to their highly porous structure,
their use as anion exchangers is of large interest for nuclear
analysis as numerous separations are based on this process.
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A photopolymerized poly(ethylene glycol dimeth-
acrylate-co-allyl methacrylate) monolith has been synthe-
sized. It was then functionalized via a photografting pro-
cess based on the ene-thiol click chemistry to give anion
exchange properties to the monolith. The stationary phase
has been optimized to improve its chromatographic perfor-
mances especially regarding anion exchange chromatogra-
phy. Synthesis and chromatographic results obtained with
this monolith at macro scale and in COC micro-devices will
be presented and discuss in term of reproducibility and
robustness. Application to analysis of nuclear material will
be presented.

Thanks to their unique “easy-to-use” features, centrifugal
microfluidic platforms are potential successful candidates
for the downscaling of chromatographic separation and
especially in the case of radioactive samples. Automation,
multiplexing, easy integration in glove-boxes environment
and low cost of maintenance are some advantages of the
development of centrifugal microfluidic devices. Moreover
the low amount of sample needed for the analysis allows
the decrease of volume of effluents and the exposition of
the operators to radiations during the analysis.

CERN-MEDICIS (MEDICAL ISOTOPES COLLECTED FROM ISOLDE): ANEW FACILITY
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The CERN-MEDICIS laboratory is located in an extension
of the CERN-ISOLDE radioactive ion beam facility in
Geneva, Switzerland. Since more than 80% of the proton
beams passes through the ISOLDE targets without interact-
ing, the MEDICIS targets can be placed right after to pro-
duce secondary radioactive isotopes and benefit from the
otherwise lost beam.

With the development of the facility, many innovative radi-
oisotopes will become available for offline research. Applica-
tions in fundamental studies in cancer research and new imag-
ing and treatment protocols in cell and animal models will
follow. On a weekly basis, 500 MBq isotope batches, purified
by electromagnetic mass separation combined with chemical
methods can be collected. Also, within the project and thanks
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to the expertise of JRC-ITU to build 22 Ac/?'*Bi generators for
targeted alpha therapy trials, a proposal to test beam intensities
of ?»Fr/Ra achieved with UC, and ThC, targets at ISOLDE
has been approved. These beams are foreseen as an alternative
way to produce the *>Ac isotopes needed for this generator.
These tests will start with the first ISOLDE beams in 2016.

A dedicated facility at CERN for the production of inno-
vative isotopes, by joining forces with leading institutes
in life and medical sciences is an exciting prospect for this
scientific program in the coming years. The facility will be
nearing completion in 2016. The results of tests with activa-
tion of an UC, target will be reported.
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In the framework of the development of Generation IV
reactors, new solvent extraction processes are under devel-
opment for the reprocessing of spent nuclear fuels. N,N-di-
alkylamides demonstrated their potentiality in the recovery
and recycling of fissile materials, plutonium and uranium,
as an alternative to TBP. New investigations have been
recently undertaken with N,N-dialkylamides to develop
an innovative solvent extraction process devoted to pluto-
nium and uranium separation. If uranium extraction with
N,N-dialkylamides has been already intensively studied
during the last decades, the extraction of fission products by
N,N-dialkylamides remains poorly investigated. Among
the fission products present in the spent fuel, ruthenium
and technetium exhibit a singular behaviour in reprocess-
ing operations performed by solvent extraction. Batch
experiments were performed to study their behaviour to-
wards their extraction by N,N-dialkylamides and to deter-
mine extraction isotherms. All extraction experiments
were performed at 25 °C by contacting N,N-dialkylamides
diluted in TPH with aqueous solutions of Tc or Ru spiked
with "Tc or '°Ru respectively, at different nitric acid con-

centrations (from 0.1 to 6 M) and different uranium con-
centrations (from 0 to 200 g.L"). In order to understand and
simulate the behaviour of Tc and Ru in the solvent extrac-
tion process, computational calculations were performed.
Experimental distribution ratios of technetium(VII) and
ruthenium(I1I) were described with a physicochemical mod-
el based on the application of the mass action law on each
extraction equilibrium and assumptions about the stoichi-
ometry of the complexes formed in organic phase. Devia-
tions from ideality in aqueous phase were estimated by
calculating the activity coefficient of each component ac-
cording to the “simple solutions”. These models were then
validated by comparing experimental and calculated organ-
ic concentrations. In addition, speciation studies — includ-
ing EXAFS and ESI-MS experiments — were performed to
confirm the stoichiometries of the complexes supposed in
organic phase to model correctly the experimental iso-
therms. Finally, these results were compared with data ob-
tained with the TBP solvent currently used in the PUREX
process in order to compare both solvents towards fission
products extraction.
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20U (t,, = 20.8 days) and its daughter 22Th (t,, = 31 min)
are promising radionuclides for application in targeted al-
pha-therapy. 2°U is a daughter radionuclide of 2*°Pa which
may be produced from natural thorium irradiated with me-
dium-energy protons via nuclear reaction 23Th(p,3n)>°Pa.
Other o-emitters such as ’Ac and ?*’Ra, as well as a great
number of fission and spallation products are also generat-
ed in a thorium target. Isolation of medicine-applicable
?2Ac and ??Ra from the thorium target was described
earlier [1, 2]. The aim of this work is isolation of >*°Pa in
parallel with 22Ac.

Targets of 22Th were 40—60 pm thickness and 100-300
mg weight. Foils were irradiated at the INR linear acceler-
ator by a beam of protons with energy of 110 MeV and
a current of about 5 mA. Irradiated thorium was dissolved
in 6 M HCI with small addition of concentrated HNO,.
Isolation of »*°Pa was carried by liquid-liquid extraction
and chromatography.

The extraction of protactinium by methyl-isobutyl ke-
tone from HCI solutions was studied in concentration
range from 3 to 7 M HCI. The optimum concentration for
the extraction of protactinium was 5 M HCI. However, *Nb,
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103Ru, 12°Sb were also extracted with 2°Pa. Organic phase
was washed with mix 4% H,C,0, — 5 M HCI for removing
traces of >Nb. Then 2*°Pa was re-extracted from the organic
phase with 8% H,C,0,. Finally 2Pa was separated from
126Sb on AG 1x8 (anion exchange resin) using 3M HCL
As a result, the overall chemical yield of 2°Pa was 95%
and radionuclide impurities below 0.5%. The obtained >°Pa
can be used as a source of U for a 2°U/?*Th generator.
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PHENANTHROLINE-BASED TETRADENTATE LIGAND FOR SELECTIVE U(VI) CAPTURE:
FROM LIQUID-LIQUID EXTRACTION TO SOLID-PHASE EXTRACTION

Li-Yong Yuan!, Lin Zhu', Xin-Rui Zhang', Zhi-Fang Chai’ ?, Wei-Qun Shi'
'Laboratory of Nuclear Energy Chemistry, Institute of High Energy Physics, Chinese Academy of Sciences, Beijing 100049, China,

e-mail: shiwq@ihep.ac.cn

2School of Radiological & Interdisciplinary Sciences, Soochow University, Suzhou 215123, China

A phenanthroline-based tetradentate ligand with hard—soft
donors combined in the same molecule, N,N-diethyl-N,N’-
ditolyl-2,9-diamide-1,10-phenanthroline (Et-Tol-DAPhen),
was designed and synthesized for the aim of selective ex-
traction towards actinides over lanthanides. In ligiud-ligiud
extraction, the extraction behaviors of U(VI) by Et-Tol-
DAPhen in 3-nitrobenzotrifluoride diluents were investi-
gated in detail. It was found that the extraction shows fast
kinetics of less than 5 min, high extraction capacity, acidity

and nitrate ion concentration dependency, and excellent se-
lectivity towards U(VI) over lanthanides. Stripping experi-
ments indicated that a back extraction efficiency of almost
100% could be achieved via only one stage operation using
5% Na,CO, solution. In solid-phase extraction, a novel
mesoporous sorbent, KIT-6-DAPhen, was fabricated by co-
valently grafting phenanthrolineamide groups onto a large
pore three-dimensional cubic silica (KIT-6) support, and
was used as sorbents for selective U(VI) capure from aque-
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ous solution. From the fast sorption kinetics of less than 2 h,
the superior sorption capacity of 328 mg/g to most of the
existing functionalized mesoporous silicas, and desirable
selectivity for U(VI) ions over a range of competing metal
ions, it is concluded that that KIT-6-DAPhen is indeed an
efficient and feasible sorbent for U(VI) uptake from aqueous
solution. Density functional theory (DFT) calculation com-
bined with FTIR and EXAFS characterization was performed

1
Solid-phase extraction

1

Liquid-liquid extraction

1

Distribution ratio
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to understand the U(VI) sorption mode onto KIT-6-DAPhen,
which indicated that U(VI) ions were sorbed in hydroxide
complexes form by the phenanthrolineamide groups, and no
sorption of nitrate ions as both counter ions and chelating agent
occurred. This work promises to provide new data for assess-
ing the feasibility of Et-Tol-DAPhen, as well as other new li-
gand with hard—soft donors combined in the same molecule,
applied in the group separation of actinides over lanthanides.
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TOWARDS AN AUTOMATIC PROCEDURE FOR THE PRODUCTION

OF ASTATINATED RADIOPHARMACEUTICALS

Emma Aneheim’, Sture Lindegren’, Holger Jensen’

ITargeted Alpha Therapy group, Department of Radiation Physics, Sahlgrenska Academy at University of Gothenburg,

SE41345 Gothenburg, Sweden

2PET and Cyclotron Unit, KF-3982, Copenhagen University Hospital, DK 2100, Copenhagen, Denmark

Keywords: astatine, automation, antibody labeling

In recent time targeted radiotherapy of cancer tumors have
gained an increasing interest. For microscopic tumors or
single cancer cells, alpha therapy is especially interesting
due to the high LET of the alpha particles. One promising
nuclide for targeted alpha therapy is 2''At. 2" At decays with
100% alpha-emission along two different branches and
has a half-life of 7.2 hours. The Targeted Alpha Therapy
group at Sahlgrenska Academy in Sweden has been per-
forming research regarding alpha therapy using astatine
and monoclonal antibodies for intraperitoneal treatment of
disseminated ovarian cancer for over fifteen years. The re-

search has been taken from bench to bedside including a
number of preclinical studies and a phase I clinical trial on
nine patients with recurrent ovarian cancer. However, to be
able to move forward towards future phase II/III studies,
the current manual synthesis of the radiolabeled antibodies
would benefit from being automated. In this work such an
automation has been performed and evaluated.

The automation has been performed by adapting a com-
mercially available radiopharmaceutical module from Scin-
tomics Gmbh (Hot Box III) to not only perform labeling
but to also automatically produce astatine from irradiated
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target material. The 2''At used is produced in a cyclotron
(at Copenhagen University Hospital) by alpha particle ac-
tivation of 2Bi through the reaction 2*Bi(a, 2n)*!'At. This is
facilitated using ca 30 MeV alpha particles. The commer-
cially available monoclonal antibody Trastuzumab has been
used for labeling and a SKOV3 cell line to investigate main-
tained immunoreactivity after the automatic labeling procedure.

Purified monoclonal antibodies labeled with astatine have
been automatically produced from irradiated target material
with reasonable yield using the novel equipment. The auto-
matic astatine distillation procedure has been found to be able
to deliver astatine to the synthesis with high yield. This has
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also been demonstrated to be possible using different types
of chemical astatine delivery systems. The product has been
shown to be radiochemically pure and to maintain its im-
munoreactivity throughout the process. These results have
been obtained after modifications of the manual synthesis
and distillation processes as well as an extensive equip-
ment development.

This work has shown that it is possible to produce astat-
inated radiopharmaceuticals such as labeled monoclonal
antibodies from irradiated target material using a custom
made automatic system integrating labeling with a com-
mercial module and astatine distillation.

RADICHEMICAL DISTRIBUTION OF HAZARDOUS NATURAL RADIONUCLIDES DURING

MONAZITE MINERAL PROCESSING
Mostafa M. Hamed, M. A. Hilal, E. H. Borai

Hot Laboratories and Waste Management Center, Atomic Energy Authority, P.O. Box 13759, Cairo, Egypt

Keywords: low-grade monazite natural radionuclides, radium, thorium, annual effective dose

It is very important to calculate the radioactivity concen-
tration for low-grade monazite ore (50%) and different other
materials produced as results of chemical processing stages
to avoid the risk to workers. Chemical processing of low-
grade monazite pass through different stages, washing by
hydrochloric acid and digested with sulfuric acid and influ-
ence of pH on the precipitation of rare earth elements has
been studied. The radioactivity concentrations of 2¥U(**Ra)
and 2Th as well as “°K were calculated in crude low-grade
ore and found to be 54435+3138, 442105+29200 and 5841+
345Bq/kg, respectively. These values are greatly higher than
the exempt levels 25 Bg/kg. After chemical digestion of the
ore, the results demonstrated that un-reacted material con-
tains significant radioactivity reached to approximately 8,
13 and 23% for 28U, 2?Th and “K, respectively. The results
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show that 60% of 2?Th are located in the digested white
slurry with small portions of 2**U and K. Most of 238U radi-
oactivity is extracted in the green phosphoric acid which
produced from conversion of P,O, by H,SO, into phosphor-
ic acid. The average values of the Ra,, for monazite ore,
un-reacted black precipitate, weight precipitate, brown pre-
cipitate and crystalline material samples were calculated
and found to be 687095+44921, 85068+5339, 388381+
22088, 313046+17923 and 4531+338 Bqg/kg, respectively.
The calculated values of Ra,, are higher than the average
world value (it must be less than 370 Bq/kg). Finally the
external hazardous, internal hazardous and 1, must be less
than unity. This means that specific radiation protection pro-
gram must be applied and implemented during monazite
processing.

INTERCOMPARISON Nal(Tl) AND HPGe SPECTROMETRY TO STUDIES
OF NATURAL RADIOACTIVITY ON GEOLOGICAL SAMPLES

Nguyen Quoc Hung, Tran Thien Thanh*, Huynh Dinh Chuong, Chau Van Tao
Department of Nuclear Physics, Faculty of Physics and Engineering Physics, VNUHCM-University of Science, 227, Nguyen Van Cu Street,

District 5, Ho Chi Minh city, Vietnam, *e-mail: ttthanh@hcmus.edu.vn

Keywords: efficiency calibration, environment measurement, Nal(T1) detector, HPGe detector.

Gamma spectrometry with Nal(T1) detector is a well-devel-
oped and consolidated method for measurements of the nat-
urally occurring terrestrial gamma radiation of K and the
decay series of 22Th and 2**U have broadly been used from

mineral exploration to environmental radiation monitoring
providing quantitative information. It has a high detection
and can work in condition of room temperature. The con-
centration of 28U and #*Th are then evaluated detecting the
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y-rays produced by 2'“Bi (1764.5keV) and 2%TI (2614.5keV)
respectively.

In the first step, the kit standard samples (RGK, RGTh
and RGU) have been used to experimentally calibrate the
efficiency of the Nal(Tl) detector for volume sources on end-
cap detector. The geological samples were collected from an
environment on Vietnam by Southern geological mapping
division and the activities of radionuclides in the geological
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sample have been determined using Nal(TI) detector.

In parallel, the results of in situ y spectra using Nal(Tl)
detector have been compared with the laboratory measure-
ments by using HPGe detectors on geological samples.

Based on these results, the natural activity of sample is
determined with a maximum deviation of Nal(Tl) and HPGe
spectrometry of about 6%. The reveal some discrepancies
that are discussed.

LIQUID SCINTILLATION COUNTING METHODLOGY FOR *Tc ANALSYIS

IN VARIOUS AQUEOUS MATRICES
Mumtaz Khan'*, Wooyong Um!?

"Nuclear Environment Laboratory, Division of Advance Nuclear Engineering, Pohang University of Science and Technology, Pohang,

South Korea, *e-mail: mumtazkhan03@postech.ac.kr

2Pacific Northwest National Laboratory, 902 Battelle Boulevard, Richland, Washington 99354, USA, e-mail: wooyong.um@pnnl.gov

Keywords: liquid scintillation counting, Ultima Gold, Ultima Gold LLT, *¢Tc

Current work presented a unique approach for liquid scintil-
lation counting (LSC) analysis of single-radionuclide sam-
ples containing appreciable organic or inorganic quench for
deionized water, tap water, groundwater, seawater, and urine
samples. Analytical parameters were measured in the pres-
ence of various quench impurities including 1.9 to 11,900
ppm dissolved solids and nitromethane using liquid scintil-
lation counter. Counting efficiency was found to be 91.66%
for Ultima Gold LLT (ULG-LLT) and Ultima Gold (ULG).

408

Relative error in spiked *¢Tc samples was £3.98% in ULG
and ULG-LLT cocktails. Minimum detectable activity was
determined to be 25.3 mBq and 22.7 mBq for ULG-LLT and
ULG cocktails, respectively. A pre-concentration factor of
1000 was achieved at 100 °C for 100% chemical recovery.
Current method facilitates to select cocktail according to
matrices chemistry of the *¢Tc sample. The method has
more sensitivity than previous reports and a range of matri-
ces can be analysed.

A PRELIMILARY INVETIGATION OF STABLE CARBON AND NITROGEN ISOTOPE VALUES

IN TAIWAN MILK

Chuan-Pin Lee'*, Ming-Chee Wu', Jih-Tay Hsu?, Sung-Yun Lin®, Yu-Lin Tu', Lin-Chen Kang', Chun-Hua Pan’
'Department of Earth Sciences, National Cheng Kung University, Address1, University Road, Tainan City, 70101, Taiwan,

*e-mail: cplee@mail.ncku.edu.tw

2Department of Animal Science and Technology, National Taiwan University, Taipei, 10673, Taiwan
3Technical Service Center, National Animal Industry Foundation, Ping-Tung, 900, Taiwan

Keywords: carbon, nitrogen, milk, argillite, granite

The aim of this study was to investigate the distribution
of 613C and 8N of bulk milk in Taiwan. A total of 25 do-
mestic milk samples and 8 commercial milks from several
countries (Australia, New Zealand, Italy, U.S, Japan) in
Taiwan supermarket were collected and analysed by a
Stable Isotope Ratio Mass spectrometer connected by
Elemental Analyser. Principal carbon and nitrogen compo-
nent analysis showed a similar result between domestic and

international milk samples after freeze-drying. It is found that
d13C and 0N in domestic samples could be easily discrimi-
nated between Australia and New Zealand due to different
feeding ways. Therefore, the isotopic composition of milk
samples may be utilized as a good biomarker in commercial
milks that conveys reliable isotopic information to track
milk to their regional origin.
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POLONIUM 21Po AND RADIOLEAD °Pb IN CALCIUM AND MAGNESIUM SUPPLEMENTS

Dagmara 1. Struminska-Parulska, Bogdan Skwarzec

University of Gdansk, Faculty of Chemistry, Environmental Chemistry and Radiochemistry Chair, Wita Stwosza 63, 80-952 Gdansk, Poland

Polonium 2'°Po (T,, = 138.376 days) and radiolead *'°Pb
(T,, = 22.2 years) appear at the end of the decay-chain of
uranium >¥U and are radio-ecologically interesting natu-
ral elements to investigate due to their high radiotoxic
characteristics. These radionuclides are introduced into the
biosphere through various routes of terrestrial and marine
radioecological pathways and are continuously deposited
from the atmosphere in association with aerosols. Both ?1°Po
and 2!°Pb radionuclides are, together with radon, the natural
radioactive material delivering the highest natural dose to
living organisms.

The aim of the study was: activities determination of po-
lonium 2'°Po and radiolead '°Pb in 17 popular calcium and
magnesium supplements for adults. The research material
covered different mineral (calcium carbonate, dolomite,
chalk, marine shells) and organic calcium compounds (cal-
cium lactate, gluconate, pantothenate and diglycinate).

The study showed 2'°Po and ?!°Pb were present in analyz-
ed calcium and magnesium supplements and could be an
additional source of 2!°Po and 2!°Pb for the consumers. The
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values of 2!%Po and 2!°Pb activities concentration in analyz-
ed Ca pharmaceutics ranged from 0.07 to 3.88 and 0.08 to
2.97 mBq-g! respectively, and the maximum annual effec-
tive radiation dose from RDI value of 1 g of Ca consump-
tion was calculated at 12.7 uSv from 2'°Po and 5.57 pSv
from 21°Pb. The values of 2!°Po and ?'Pb activities concen-
tration in analyzed Mg pharmaceutics ranged from 0.020
to 3.84 mBq-g! and from 0.02 to 3.85 mBq g respec-
tively, and the maximum annual effective radiation dose
from 400 mg of Mg consumption was calculated at 3.38
uSv from?!°Po and 2.3 uSv from 2!°Pb.

Inorganic samples were richer in 2!°Po in comparison to
organic. Also natural origin supplements, especially those
made from sedimentary rocks, were richer in polonium and
radiolead in comparison to the rest of analyzed samples.
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A PROCEDURE TO ESTIMATE THICKNESS OF INNER DEAD-LAYER
OF N TYPE HPGe DETECTOR USING MCNP CODE

Tran Thien Thanh®, Huynh Dinh Chuong, Le Thi Ngoc Tran, Nguyen Quoc Hung
Department of Nuclear Physics, Faculty of Physics and Engineering Physics, VNUHCM-University of Science, 227, Nguyen Van Cu Street,

District 5, Ho Chi Minh city, Vietnam, *e-mail: ttthanh@hcmus.edu.vn
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Nowadays, HPGe detectors are commonly used for gamma
spectrometer, mainly because of its high resolution, that can
applied for the analysis of radioisotopes in environment or
radioactive waste. The accurate results of analysis can only
be achieved when detection efficiency of HPGe detector is
known exactly. Monte Carlo simulation has been widely
used for full-energy peak efficiency (FEPE) calculation of
HPGe detectors.

The main purpose of this paper is to improve the relia-
bility and the accuracy of the FEPE values calculated by
the Monte Carlo simulation for gamma spectrometry. It is
necessary to determine exactly the characteristic parameters
of the spectrometer, especially the geometry of the HPGe
detector. For N type HPGe detector, the thickness of inner

dead-layer is an important parameter which affects signif-
icantly FEPE values. However, it is difficult to deter-
mine the thickness of inner dead-layer by the experimental
method. So, a procedure to estimate the thickness of inner
dead-layer of N type HPGe detector using MCNP code is
presented.

In this work, a model of gamma spectrometer, which in-
cludes a N-type coaxial HPGe detector, source support and
shielding chamber, is constructed detailed by MCNP5 code.
The shape and dimensions of HPGe detector are deter-
mined by the radiography to characterize accurately geom-
etry for Monte Carlo simulation. In there, the rounded parts
at front corners and hole bottom of Germanium crystal are
carefully attended. Experimental measurements and simu-
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lations are carried out with standard point sources: *Mn,
3Co, Co, 38Y, 19Cd, 134Cs, ¥7Cs, '°?Eu at distance 5 and 10
cm from source to detector. Experimental efficiencies are
corrected summing coincidence effect by ETNA software.

429

The adjustment of Lithium inner-dead layer thickness is
performed in order to obtain relative deviation below 2%
between experimental efficiency and simulated efficiency
with energies into range 88-1836 keV.

FLUORESCENT TPE-BASED SENSOR FOR URANIUM RECOGNITION

WITH AIE CHARACTERISTICS
Jun Wen*, Sheng Hu, Xiaolin Wang

Institute of Nuclear Physics and Chemistry, China Academy of Engineering Physics, Mianyang, 621900, Sichuan Province, China,

*e-mail: junwen@caep.cn

Uranium is a representative element of an actinide metal
that has naturally radioactivity and widely distributed in
the environment [1]. Uranium is one of the main fuel in
nuclear energy generation, and it also has been used in nu-
clear weapons [2]. With the growing human demand for
nuclear energy, the worldwide uranium consumption is con-
tinuous increasing. For uranium, the most stable and com-
mon ionic form is appears as a complex of the uranyl ion
(UO,?"), because uranyl is water soluble, it is readily migrat-
ed to environment. Unfortunately, uranium is radioactive
and chemically toxic, it was reported that human exposure
to uranium could give rise to lung cancer, urinary system
disease and genetic diseases.

Considering the widespread use of uranium and its toxic
properties, the development and improvement of analysis
methods for the determination of uranium are vital. There-
fore, many techniques have been used for the determination
of uranium. Among these analysis methods, fluorescence
detection is a simple, rapid, highly selective, and low-cost
method for metal ion determination. However, only few re-
ports on the application of this technique to uranium ion
analysis have been published [3, 4].

Herein, 2-(4, 5-dihydrothiazol-2-yl) phenol containing
TPE derivative is synthesized and it optical properties are
investigated. This molecular can function as “turn-off” fluo-
rescent chemosensors for uranyl ions in aqueous solution.
Uranyl can be detected by the naked eye a owing to the
AIE phenomenon. The sensor showed high selectivity for
uranyl compared to all other metals tested, and this recog-

nition displayed good anti-interference qualities. This sen-
sor has potential applications in environmental systems for

uranyl ion detection.
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Fig. 1. Column diagrams of the fluorescence intensity
of TPE-T+M™ at 494 nm. TPE-T (10 mm) at a f,, of 95 % upon
the addition of 2 equivalent of metal ions
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CAEN ELECTRONIC INSTRUMENTATION FOR PHYSICS EXPERIMENTS

Gianni Di Maio

HV and LV Power Supplies for radiation and Low Light Sensors, Signal Conditioning & Read-out Electronics

Costruzioni Apparecchiature Elettroniche Nucleari (CAEN)
is one of the most important spin-offs of the Italian Institute
of Nuclear Physics (INFN). Founded in 1979 by a group of
senior engineers from the INFN, is today worldwide recog-
nized as one of the leading companies in the electronics in-
strumentation field.

CAEN SpA is acknowledged as the only company in
the world providing a complete range of High/Low Voltage
Power Supply systems and Front-End/Data Acquisition
modules which meet IEEE Standards for Nuclear and Par-
ticle Physics. Extensive Research and Development capa-
bilities allowed CAEN SpA to play an important long term
role in this field. CAEN activities have always been at the
forefront of technology, thanks to years of intensive collab-
orations with the most important Research Centres of the
world. CAEN products appeal to a wide range of customers
including engineers, scientists and technical professionals
who all trust them to achieve their goals faster and more
effectively. Strong of the experience in the physics research

TRISHEM

www.triskem.com
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world CAEN instruments are today used in many advanced
industrial applications.

For more than 35 years CAEN has been providing Scien-
tists and Engineers with the most advanced electronic in-
strumentation for any particle or radiation detectors (Photo-
multipliers, Semiconductors, Gas, Liquid or Plastic).

Strong of an extremely close collaboration with the world
major research laboratories CAEN is proud to produce the
best tools for:

* High Energy Physics

 Astrophysics

* Neutrino Physics

» Dark Matter Investigation

* Nuclear Physics

» Material Science

* Medical Applications

* Homeland Security

* Industrial Applications

OVERVIEW OVER SOME RECENTLY DEVELOPED EXTRACTIONCHROMATOGRAPHIC
RESINS AND THEIR APPLICATION IN RADIOANALYSIS AND RADIONUCLIDE PRODUCTION

Steffen Happel*, Carina Dirks, Aude Bombard

TrisKem International, 3 Rue des Champs Géons ZAC de, L’Eperon, 35170 Bruz, France, e-mail: shappel@triskem. fr

Keywords: extraction chromatography, decommissioning, radionuclide production, environmental monitoring

An overview will be given over some recently developed,
commercially available extraction chromatographic resins
and their respective application in environmental monitor-
ing, decommissioning and the production of radionuclides.

Examples shown will include amongst others:

* TBP Resin and its use for Sn-126 determination in de-
commissioning samples, as well as its use for the separa-
tion of Sn from large amounts of Cd (e.g. for production
of Sn-117m) [1]
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» TK100 and TK101 Resins, both finding use in the direct
concentration and separation of Sr, Pb respectively, from
water samples at pH 27, thus eliminating the need for
preconcentration steps. Special focus will be placed on
the rapid determination of Sr-89/90 in emergency water
samples using TK100 Resin and the direct determination
of Pb-210 from up to 5L samples using TK101 Resin
discs [2]

* ZR Resin for the separation of Zr, Ti and Ge from their
respective target materials for use in radiopharmaceutical
applications [3]

Instruments That Advance The Art www.xla.com
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ADVANCES IN DETECTOR READOUT ELECTRONICS FOR NUCLEAR SPECTROSCOPY

Wolfgang Hennig

XIA LLC, 31057 Genstar Road, Hayward, CA 94555, USA, e-mail: whennig@xia.com

XIA LLC produces advanced X-ray and gamma-ray digital
signal processing electronics and related instruments
with applications in research and industry. Generally
speaking, our instruments fall into three broad categories
— supporting X-ray detectors, gamma-ray detectors, and
ultra-low background counting. Our DXP X-ray detector
electronics span the spectrum from low cost OEM cards for
handheld and benchtop applications to modular PXI sys-
tems and standalone units for ultra-high rate spectroscopy
at synchrotrons and elsewhere. Our DGF gamma-ray de-
tector electronics cover an ever wider range of research
applications from pulse shape analysis using high speed
scintillators to very high energy resolution HPGe spectrom-

etry, to coincidence data collection in large nuclear phys-
ics detector arrays. Our ultra-low background instrumen-
tation combines anticoincidence and pulse shape analysis
to reliably count samples producing only a few counts per
day.

Continuous improvements in digital processing compo-
nents allow the design of data acquisition modules with
ever more channels, higher digitization rates, and higher
throughput. Our presentation will give an overview of XIA’s
latest electronics and their use in a variety of nuclear phys-
ics applications. Special focus will be on the recently intro-
duced FalconX ultra-high rate X-ray processor and the
Pixie-4 Express gamma-ray processor.
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NUCLEAR MEASUREMENT SOLUTIONS OF GAMMA TECHNICAL CORPORATION

Janos Petranyi

Gamma Technical Corporation, Illatos it 9, 1097 Budapest, Hungary, e-mail: petranyi@gammatech.hu

Keywords: nuclear measurement techniques, scintillation, radiation monitoring, measuring instruments

It is my great pleasure to introduce the activity and product
line of our company. Gamma Technical Corporation was
founded in 1920 and has been developing and manufactur-
ing radiation measuring instruments for more than 50 years.
Our company has always been involved in R&D of innova-
tive technologies. Today we offer unique solutions in the
field of radiation detection, measurement and identification
such as portable, shiclded activity measuring instruments,
radiological food tester, complex building monitoring, on-
board radiation reconnaissance systems and radiation portal
monitors. We manufacture highly customizable intelligent
scintillation probes with integrated analyser and a wide
range of scintillation crystals for various radiation counting
and spectrometry tasks, based on our own crystal-rowing
facility, including sandwich scintillators for the simultane-
ous measurement of different kinds of radiation. Our portfo-
lio also includes handheld and fixed radiation measuring
devices, which are designed to withstand harsh environmen-
tal conditions due to their rugged, military construction. We
can provide complete instrumentation for nuclear measure-

ment, research and education. Measuring systems, includ-
ing intelligent nuclear detector(s), lead shielding, displaying
and analytical software are available for a wide range of
applications. Gamma offers complex monitoring stations
for both outdoor and indoor use, customized for area, build-
ing, region or countrywide scale monitoring, radioactive
emission monitoring, air or water quality surveillance pur-
poses.

Our main products in the field of nuclear measurement:

* GM tube based radiation measuring instruments,

« scintillation crystals and detectors,

* radiation portal monitors,

* radioactive particle monitoring systems,

* local and countrywide monitoring and early warning sys-
tems,

« radiation reconnaissance devices,

* radioactive emission monitoring systems,

* meteorological instruments,

* respiratory protective equipment.
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PHYSICS, NO NUMEROLOGY

Wolfram Westmeier, Klaus Siemon
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Keywords: nuclear spectrometry, physics of interaction, peak-shapes, baseline, resolution, tailing, spectrum analysis

There is no reason to assume simple mathematically defined
functions that shall describe the shape of peaks in photon or
particle spectra, or the course of the baseline, i.e. the back-
ground under a peak or multiplet, or the tailing function(s)
to a peak. One can deduce the characteristic shape of these
spectral properties from the physics of interactions of a pho-
ton or particle between emission and complete registration.
The description of these interactions leads to the physics-
oriented shape description which can be mathematically
formulated and solved. For proper application of the method
one also has to include the propagation and handling of
electronic signals in the description.

This method of physics-oriented spectrum analysis is
applied to the analysis of spectra from scintillation detec-
tors (e.g. Nal(Tl), LaBr3(Ce), CeBr3, BGO, Csl, others),
high resolution photon semiconductors (e.g. HPGe, CZT,
CdTe) and from alpha-particle detectors [1].

Examples will be shown of spectrum analyses with the
spectrum analysis programs SODIGAM (scintillator spec-

tra, also good for X-ray spectra from proportional coun-
ters), GAMMA-W (high-resolution gamma-ray spectra
from HPGe and Ge(L1i) detectors) and ALPS (alpha particle
spectra from Si-semiconductors and gridded ionisation
chambers).

As an example for the resolving power of physics-orient-
ed analyses the figure shows an alpha spectrum meas-
ured with a Si-semiconductor detector from a sample of
granite powder. All peaks from the complete decay chains
of 28U and *Th are analysed and quantified to better
than +25%. Thus, one can now make nuclide-specific alpha
spectrometry but without time-consuming and expensive
chemistry!
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GCMS ANALYSIS OF ORGANIC COMPOUNDS ON PLUTONIUM
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The actinides analysis facility at AWE performs a wide
range of chemical analysis in support of all aspects of
AWE’s programmes involving actinide material. This most-
ly consists of elemental and isotopic analysis of the actinide
material, but can also include analysis of remnant material
from the manufacturing process.

During the milling of plutonium swarf is produced and
collected at the bottom of the lathe, along with any machin-
ing grease. This organic material and swarf is then pro-
cessed and the plutonium material is reclaimed and put back
into the manufacturing process. GCMS analysis of the plu-
tonium swarf can give analytical information about the
manufacturing process, and what organic compounds were
used. Sampling in this instance has been performed using
SPME headspace and liquid immersion techniques. The re-
sulting samples were then analysed by GCMS, on a unique
instrument that has been modified to fit an auto-sampler
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and injection port into a fume cupboard for the analysis of
contaminated samples.

SPME sampling was performed with an infield head-
space sampler, and a fibre consisting of divinylbenzene/car-
boxen/polydimethylsiloxane. Liquid immersion sampling is
performed with DCM. The results from the SPME head-
space analysis will be discussed, along with the effective-
ness of this technique. The results from the liquid immer-
sion technique will also be discussed, and a comparison of
the two techniques will be considered for future analysis.

The final results taken from the mass spectra show good
agreement with common lubricants used in machining pro-
cesses. This work is part of on-going compatibility analysis
with the production process and demonstrates the ability
to identify organic impurities on metal samples. This ability
to analyse highly radioactive plutonium samples by GCMS
is a unique capability to AWE.

DEVELOPMENT OF AN ANALYTICAL PROCEDURE
FOR THE SIMULTANEOUS DETERMINATION OF Np AND Pu IN CLAY SAMPLES
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The actinides »’Np and Pu are among the most important
contributors to the long-term radiotoxicity of nuclear waste.
Clay or clay-rich materials are considered in many coun-
tries as potential host rocks for the long-term, safe and at-
depth disposal of high-level nuclear waste, as well as serv-
ing as major technical constituents in repository systems.
We present an analytical procedure for the simultaneous
determination of Np and Pu isotopes in clay (or clay-rich)
samples using ICP-MS. For the determination of »’Np a
long-lived isotope pure enough to serve as isotopic yield
tracer is not available. Therefore, we investigated the suita-
bility of a Pu isotope as potential non-isotopic yield tracer

for the determination of »’Np on the basis of a previous

study [1]. Clay samples are spiked with standard solutions

of *Pu and #’Np. Our analytical procedure includes the

following steps:

a) leaching of the actinides from the spiked clay samples,

b) redox adjustments of Np and Pu,

c¢) pre-concentration of Np and Pu using iron hydroxide
co-precipitation,

d) redox adjustment of Pu prior to the column separation,

e) chromatographic co-extraction of Pu and Np from the
sample matrix and

f) determination of the actinides using ICP-MS.
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The procedure is successfully applied to montmorrilonite
and illite clay samples up to 1g sample size. High chemical
yields with values between 80 and 90% were obtained for
both nuclides. The suitability of a Pu isotope as non-isotop-
ic tracer for determination of 2’Np is indicated by the chem-
ical yield ratios of the two nuclides (yieldy,/yield,,). Values
close to one were obtained evidencing identical behaviour
of the two nuclides during the procedure. It turned out that
accurate pH adjustment during the reductive co-precipita-
tion (step c¢) and short processing times (steps b—d) are cru-
cial steps in order to obtain high chemical yields and yield
ratios close to one.
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The presented method is particularly developed with re-
gard to ultra-trace level determinations using accelera-
tor mass spectrometry (AMS). Future applications are in
the investigation of global fallout actinides in environmen-
tal clay-rich materials (e.g., at potential repository sites)
and the diffusion behavior of actinides in compacted clay
liners used as technical barriers in nuclear waste reposito-
ries.
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Preorganization of chelating groups on pillararenes often
leads to unique properties [1]. A novel pillar[5]arene-based
benzaldehyde oxime (PSABO) 1 has been synthesised. This
preorganized host showed preferential recognition of Th**
over all eight lanthanide metal ions tested in acetonitrile
solution. The selective complexation was investigated
by UV-vis spectroscopy and '"H NMR technique. Of great
interest is the observation that the PSABO experiences a
strong Th*'-induced aggregation. Exploration of the result-
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transmission electron microscopy and atomic force micros-
copy revealed the formation of vesicular architectures in
acetone-water solution. Notably, the size of vesicles was
fond to be water-acetone ratio dependent. Successful en-
capsulation of rhodamine dye suggested the potential of
using metal-containing pillar[5]arene-based complexes for
constructing vesicles for enclosing guest molecules.
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Fig. 1. Synthesis route of pillar[5]arene-based benzaldehyde oxime 1 a)
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and its UV-Vis absorption spectra of 1 in the presence of various metal salts in CH,CN b)

Wavelength/nm



POSTER PRESENTATIONS — Advances in radiochemistry supporting the nuclear fuel cycle 149

Acknowledgements

This work is supported by the National Natural Science
Foundation of China (21471105) and the National Science
Foundation for Fostering Talents in Basic Research of the
National Natural Science Foundation of China (J1210004
and J1103315).

References

[1T G. Yu, K. Jie, and F. Huang, Chem. Rev. 115, 7240
(2015).

[2] Y. Y. Fang, X. Y. Yuan, L. Wu, Z. Y. Peng, W. Feng, N.
Liu, D. G. Xu, S. J. Li, A. Sengupta, P. K. Mohapatra, L.
H. Yuan, Chem. Commun. 51, 4263 (2015).

Advances in radiochemistry supporting the nuclear fuel cycle

69
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The NPP V1 (Slovakia) is decommissioned now and activ-
ity of radionuclides has to be measured for estimation of
the total inventory of radioactivity. It is assumed that the
majority of the activity is induced activity. Construction
and internal parts of the reactor and fuel such as: pressure
vessel, RPV internal cladding, control rod connection rod,
control rod neutron absorbers, shielding elements, protec-
tive tubes unit, core barrel, neutron in-core measurement
channels were analyzed. Activity concentrations of ®“Co,
3Fe, ©99Ni, °Sr, “Tc, *Mo, *Nb, transuranic elements
were determined. The most dominant radionuclides were
3Fe, ©Co, %Ni which together represent more than 99% of

Mass spectometry
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the total activity. Fission elements were not found in all ana-
lyzed samples. The activity concentrations of radionuclides
varied from type of analyzed material, exposure time to
neutrons and intensity of neutron flux. The highest activity
was measured in the control rod connection rod and shield-
ing element from fuel assemblies and RPV internal cladding
from construction material samples. These samples were
exposed to neutrons for the longest time and with the high-
est neutron flux. The presented results were used for calcu-
lation of scaling factors for characterization of the activated
components of NPP V1.

CONFIDENCE LEVELS FOR CATEGORIZING URANIUM MATERIALS BY INDUCTIVELY
COUPLED PLASMA MASS-SPECTROMETRY (ICP-MS) WITHOUT CLEAN-ROOM FACILITIES

Tiong Ling Ying Diane!, Pong Boon Kin?, Richard D. Webster’

'School of Physical and Mathematical Sciences, Chemistry and Biological Sciences, Nanyang Technological University,
21 Nanyang link SPMS-CBC-02-01, Singapore 637371, e-mail: Itiong001@e.ntu.edu.sg

2DSO National Laboratories, 11 Stockport Road, Singapore 117605

3School of Physical and Mathematical Sciences, Chemistry and Biological Sciences, Nanyang Technological University,

21 Nanyang link SPMS-CBC-02-01, Singapore 637371

Keywords: ICP-MS, uranium, GUM, uncertainty measurement

The enrichment level of 2°U isotopes can be used to catego-
rize uranium materials, which may be critical for determin-
ing their intended uses. In the event of emergency nuclear

power and radiation incidents, confidence levels of reported
concentrations and isotopic abundances are essential, as
these are critical information for decision making. There-
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fore, it is important to have the capability for measuring ura-
nium samples with accuracy and precision. As uranium is
ubiquitous in the environment, sample preparation for
uranium analysis is typically performed in a clean-room
facility to avoid contamination of samples. However, it can
be recognized that clean-room facilities are not always
available to laboratories, particular for on-site analysis.
Hence, the aim of this work is to evaluate the limitations
of uranium analysis using a quadrupole ICP-MS in the ab-
sence of a clean-room facility. The Guide to expression of
Uncertainty in Measurement (GUM) was used to calculate
the expanded uncertainties associated with the amount of
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uranium (ng) and 23U enrichment in the sample. The analyt-
ical method for sample preparation involved sample dis-
solution using LiBO, fusion, followed by extraction of
uranium by UTEVA resins. An Agilent 7700x quadrupole
ICP-MS was used to measure m/z 235 and 238. 233U was
used as an internal reference for quantifying the uranium
isotopes. One of the sources of natural uranium contamina-
tion during sample preparation has been identified in this
presented work; Ashless grade Whatman filters minimizes
the amount of natural contamination of uranium which
improves the detection limit of the current sample dissolu-
tion method.

DEVELOPING THE METHOD FOR DIRECT DETERMINATION OF Pu-239 BY ICP-MS

IN ACID SOLUTIONS AFTER SOIL DIGESTION

Dmitriy Zheltov*, Alexander Bychenko, Mariya Edomskaya, Pavel Kharkin,

Galina Gluchshenko, Lyudmila Matiyenko
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*e-mail: zheltovda@gmail.com.
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The method for direct mass-spectrometric determination
of 2*Pu in the acid solutions after soil digestion was devel-
oped (Fig. 1). A Perkin Elmer SCIEX ELAN-9000 quadru-
pole-based ICP-MS instrument was used. The detection
limit of the method for a 3 g soil sample taken up in 100 ml
of 3 mol 1! nitric acid is 10 Bq kg™ of 2°Pu.

It was found that the significant matrix effects was ob-
served during mass-spectrometric measurements of 2Pu
in the acid digestion solutions. The matrix coefficients for
28U and #°Pu were experimentally found. The range of
the matrix coefficients for 23U and 2*Pu was from 3.5 to 9,
which indicates a high content of the matrix elements. It is
shown that the matrix coefficient of 28U statistically insig-
nificantly different from the matrix coefficient of *°Pu.

For matrix correction of 2°Pu direct measurement result
it is proposed to use internal standardization by U isotope.
A calibration of the mass spectrometer was performed by
the 28U standard additive.

The plutonium content in 24 soil samples from the Semi-
palatinsk Test Site (STS) was estimated in accordance with
the procedure in Fig. /. The range of the 23°Pu specific activ-
ity was from 5.7 to 362 kBq kg'. The comparison of the
obtained ICP-MS results with the ?3*249Py alpha-measure-
ment results, calculated for the specific activity of 2*°Pu
using the atomic ratio of 2**Pu/?*°Pu for weapon plutonium

has shown the satisfactory convergence (<40%).

The developed method is used in the Institute of Nuclear
Physics for the express analysis of the plutonium high level
soil samples from the STS, for sorting the soil samples by
the contamination level and as the alternative method of
239Pu determination in the soil.

Drying of soil sample at 110 °C

v

Ashing at 550 °C. Acid digestion of 3 g soil

v

Solution of 3 mol I HNOs with 23%***°Pu, adding of 20 ppb **U

v

Measuring of 2*°Pu and 233U mass peaks

v

Result calculation

Fig. 1. Procedure of *°Pu direct determination
in soil digestion solution by ICP-MS
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The use of k, Method for quantitative reactor Neutron
Activation Analysis (NAA) is a well-known technique for
determining multi-element concentrations in different
materials. In order to achieve good results, there is a contin-
uing need for improving the accuracy of k, and Q, param-
eters for several neutron capture reactions. '*In(n,y)'"mIn
reaction can be considered particularly interesting because
k, and Q, discrepancies appear in the literature. This fact
motivated the present work which is focused on the meas-
urement of &, and Q, values for this reaction with the pur-
pose of improving the existing data catalogues. The irradia-
tions were performed near the core of the IEA-R1 4.5 MW
swimming-pool nuclear research reactor of the Instituto
de Pesquisas Energéticas e Nucleares (IPEN-CNEN/SP —
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Nuclear and Energy Research Institute), in Sdo Paulo,
Brazil. The distribution of epithermal neutron flux a in
the IEA-RI1 is close to zero at the chosen irradiation posi-
tion, which favors to obtain Q, accurately. Two irradia-
tions were carried out in sequence using two sets of sam-
ples: the first with a cadmium cover around the samples
and the second without. The activity measurements were
carried out in an HPGe gamma-ray spectrometer. Standard
sources of °?Eu, 3*Ba, °Co and *’Cs supplied by the IAEA
were used in order to obtain the HPGe gamma-ray peak
efficiency as a function of the energy. The covariance ma-
trix methodology was applied to all uncertainties involved.
The final values for k, and O, were compared with the liter-
ature.

USE OF INAA IN THE HOMOGENEITY EVALUATION
OF A BOVINE KIDNEY CANDIDATE REFERENCE MATERIAL

Liliana Castro*, Edson G. Moreira, Marina B. A. Vasconcellos
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Evaluation of the homogeneity is a critical step in the
preparation process of reference materials. The batch of
material must be sufficiently homogeneous for the intended
use and this must be reflected in the value assigned to the
material uncertainty and by the minimum amount of sample
for which the assigned values and their uncertainties are
valid. To ensure the representativeness of the value as-
signed to the certificate parameters and their uncertainties,
the assessment of the homogeneity of the material must be
performed very carefully.

The present study describes the use of Instrumental Neu-
tron Activation Analysis, INAA, for the homogeneity eval-
uation of a bovine kidney candidate reference material.

The mass fractions of some inorganic constituents (As,
Co, Cr, Fe, K, Na, Se and Zn) were determined to evaluate
the between and within bottle homogeneity, as well as the
minimum amount of sample. For the between bottle homo-
geneity assessment the determinations were performed in
ten bottles from the total batch of 176, chosen using a ran-
dom stratified scheme. For the evaluation of the within bot-
tle homogeneity and the minimum amount of sample one
bottle was chosen, also using a random scheme.

Statistical analysis of the results was performed using
Analysis of Variance (ANOVA) and multivariate techniques
such as Principal Component Analysis (PCA) and Hierar-
chical Cluster Analysis (HCA) were applied as complemen-
tary techniques.
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DETERMINATION OF THE NEUTRON CAPTURE CROSS-SECTION OF *Th INDUCED
BY D-D/D-T NEUTRONS USING THE NEUTRON ACTIVATION METHOD

Lan Chang-lin, Xie Bao-lin, Zhang Yi, Peng Meng, Yao Ze-en, Kong Xiang-zhong

School of Nuclear Science and Technology, Lanzhou University, Gansu Provence 730000, China, e-mail: lanchl@]lzu.edu.cn

Keywords: 22Th(n, v)***Th reaction, capture cross-section, neutron activation method

Abstract: The 2*?Th(n, y)**Th neutron capture reaction
cross-sections at average neutron energies of 2.5+0.3 MeV
and 14.840.2 MeV from the D-D/D-T neutron generator
have been measurement using the activation method. The
neutron flux was determined using the monitor reaction
38Ni(n,p)3*Co or 2’Al(n,a)*Na. Induced gamma-ray activi-
ties were measured using a low background gamma ray
spectrometer equipped with a high resolution HPGe detec-
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tor. The experimentally determined cross-sections were
compared with the literature data, evaluated data of ENDF/
B-VII, JENDL-4.0, CENDL-3.1 and JEFF-3.1. The Excita-
tion functions of 2*’Th(n,y) reaction were also calculated
theoretically using the TALYS 1.6 computer code. The new
results measured in this work are useful for verifying the
accuracy of nuclear models used in the data evaluations
and practical applications.

BOX-COX TRANSFORMATION ON DATASET FROM COMPOSITIONAL STUDIES

OF ARCHAEOLOGICAL POTTERIES
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In many archacometric studies to determine the prove-
nance of potteries by means of the elemental composition
the normality is assumed to be desirable. The non-normality
and non-normality features of geochemical variables pro-
vide a challenge for parametric statistical analyses since
normality of datasets is required by many multivariate sta-
tistical methods such as principal components, canonical
correlation, discriminant analyses and MANOVA. In many
published examples of the use of multivariate methods to
archaeometry studies, it is neglected that geochemical data
almost never follow a multivariate normal distribution.
Here, a geochemical dataset was obtained by means of In-
strumental Neutron Activation Analysis (INAA) of archaeo-
logical potteries from Xingo, Sergipe State — Brazil which
was used to demonstrate that in provenance studies, data as
rule, shows neither a multivariate normal nor multivariate
lognormal distribution. In this work, 50 ceramic fragments
and 1 clay sample from Justino site were analyzed by means
of INAA: Cemetery B (25), Cemetery C (25) and one clay
sample collected near to Justino site. Eleven elements (Na,

Lu, YD, La, Th, Cr, Cs, Sc, Fe, Eu and Hf) were used for the
interpretation of the results. A logarithmic transformation
did not produce a multivariate normal distribution and it
was necessary an optimal method of transformation for the
raw data, which is a powerful method of Box-Cox transfor-
mation to dataset closer to multivariate normality. To statis-
tical interpretation, this paper presents the MNV package
from R Software, which can be used to test multivariate nor-
mality by using of measures of multivariate skewness and
kurtosis of Mardia. When the multivariate normality test
was disapproved, then the data was nearly normalized be
means of Box-Cox or logarithmic transformation both mar-
ginally and jointly on the variables. In this paper, we have
selected the parameter of the Box-Cox transformation by
using of Akaike’s information Criterion (AIC). Find trans-
formation to normalize data by means of Box-Cox transfor-
mation, the significance between compositional groups of
pottery specimens from Justino archaeological site could be
tested by Hotelling’s T? statistics (at 5% significance), which
is the multivariate equivalent of the Student’s t-statistics.
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The history of the development of neutron activation anal-
ysis in the Laboratory of Neutron Physics at Joint Institute
for Nuclear Research is briefly outlined. Created under
initiative of Academician .M. Frank in the 1960s a small
group now turned into a large international team involved
in projects in the framework of programs coordinated and
supported by IAEA, the European Union, the Russian Fund
for Basic Research, as well as grants of Plenipotentiaries
of JINR Member States. Modernization of the pneumatic
system, recently equipped with three automatic sample
changers, and created NAA database to automate the meas-
urement and processing of gamma spectra of induced radio-
nuclides are described. Experience in the life sciences and
materials science is summarized. Examples are given of
projects related to the monitoring of atmospheric deposi-
tion of heavy metals and radionuclides carried out in the
framework of the United Nations Program on Long-Range
Transboundary Air Pollution in Europe (UNECE ICP Vege-
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tation), a project to assess the state of the environment in
Egypt, based on the analysis of soil and the sediment basin
of the river Nile, as well as project on monitoring trace
elements in aquatic ecosystem in the Western Cape, South
Africa (Mussel Watch Program), etc. In combination with
microscopy, the synthesis of nanoparticles of various met-
als via biotechnology is studied. Our investigations on ap-
plying NAA to solve the problem of industrial wastewater
treatment were twice awarded Gold Medals by the Europe-
an Union, in 2013 and 2015. New areas of research — study
of natural medicinal plants and search for cosmic dust in
natural planchettes (Arctic and Antarctic mosses, Siberian
peat bog cores, etc.) — reflect the public and scientific inter-
est in these topics. Future extensions of the department’s
research will be connected with the development of radio-
ecological studies using precision gamma-spectrometry and
the creation of a low-background laboratory for carrying out
measurements of natural and anthropogenic radioactivity.

NEUTRON ACTIVATION ANALYSIS USING A MODIFIED ABSOLUTE CALIBRATION METHOD
Chun-Kai Huang'*, Wen-Chyi Tsai®, Shiang-Huei Jiang!?
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Although the direct comparator method of NAA is the most
popular and accurate method, a calibrator containing a
known amount of the element(s) of interest needs to be irra-
diated together with the unknown sample. For the absolute
calibration method of NAA, the mass of an element meas-
ured is determined by directly applying the measurement
equation of NAA, i.e., can be derived from the net counts in
the corresponding peak of the measured gamma-ray spec-
trum. The key point and meanwhile the most difficult thing
in the absolute calibration method is the determination of
the reaction rate per atom, which depends complicatedly

on the characteristics including the intensity as well as the
energy and angular distributions of the irradiation neutron
field. In this work we conducted NAA by using the BNCT
beam at THOR to irradiate the test sample located along the
center axis at a depth of 2 cm, where the thermal neutron
fluence rate is the maximum, of a 20 x20%20 cm®* PMMA
phantom directly contacting the beam exit. Simplicity and
convenience are our emphases and high degree of accuracy
is not our pursuit. Accordingly, we chose absolute calibra-
tion method for analysis to avoid the necessity of the
preparation of calibrators containing a known amount of
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the element(s) of interest, which is sometimes not easy to
achieve. In our BNCT beam an equivalent surface source
has been well-characterized with space, energy and angu-
lar distributions and a process of verification and valida-
tion has been made. Therefore, the reaction rate per atom
of any interest element in the sample at the irradiation posi-
tion for a specific source strength, i.e., reactor power, can
be calculated by using MCNPX Monte Carlo code. In addi-
tion, there is an on-line neutron monitoring system consist-
ing of three miniature fission chambers installed in our
BNCT beam, which was well-calibrated in terms of source
strength per cps of neutron monitors. The NAA method
applied in our BNCT beam, for which the reaction rate per
atom of the interest element is derived from a Monte Carlo
code calculation and the effect caused by time-dependent
neutron fluence rate is precisely corrected, is called by us

466

the modified absolute calibration method. By using this
modified absolute calibration method proposed in this work,
we have conducted three NAAs. The first NAA was for an
alloy foil of Mn (88%) and Ni (12%) with a diameter of
12 mm and 0.1 mm in thickness. The measured weight per-
cent of Mn and Ni were agreed very well with the specifica-
tion of the sample. The second one was for a CaF,:Mn TLD
with dimensions of 3.2%3.2x0.89 mm?. The weight percent
of Mn was determined to be 1.6% agreed very well with
the data measured by the direct comparator method. The
third one was for a test sample of stainless steel (SS304)
with a weight of 741.9 mg. The compositions of Cr, Ni,
and Mn were determined to be 18.44%, 10.0%, and 0.88%,
respectively, which fell in the ranges of 17.5-20%, 8-11%
and <2% of the specification of SS304. In addition, 0.25%
of Co was found in the test sample.

DETERMINATION OF VANADIUM IN TITANATE-BASED FERROELECTRICS BY INAA
WITH DISCRIMINATING GAMMA-RAY SPECTROMETRY

Jan Kamenik!, Katerina Dragounovad?, Jan Kucera', Zdenék Bryknar?,

Viadimir A. TrepakoV, Viadimir Strunga’
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Crystals of incipient ferroelectric strontium titanate (SrTiO;)
and ferroelectric barium titanate (BaTiO,) are model repre-
sentatives of highly polarizable ABO, perovskite-type ox-
ides. They are applied in a wide range of components in
various devices due to their exceptional functional proper-
ties that can be tailored by suitable admixtures. At the same
time they are extremely sensitive to a very low content of
specific impurities. In this context study of behaviour of
polyvalent transition metals with 3d valence electrons (e.g.,
vanadium), which strongly influence the charge transport
and photorefraction properties of these crystals, is of great
interest. This paper describes determination of vanadium in
SrTiO, and BaTiO, crystals using instrumental neutron
activation analysis (INAA). Vanadium is determined in
INAA with a low limit of detection (LOD) by counting of
the 1434.06 keV gamma line of short-lived 2V (half-live
T,, 3.74 min). However, the activity formed by activation
of crystal matrix elements Sr, Ba, and Ti with thermal
neutrons dictates counting of samples at large distance from

the detector thus deteriorating the LOD of vanadium. We
have been investigating application of shielding foils for
suppression of the radiation from products of activated
matrix elements while still leaving enough gamma radia-
tion of 2V for detection. A series of measurements was
conducted with aluminium, copper, and lead foils of vari-
ous thickness and a calibration *?Eu source. A lead foil of
5 mm thickness was found to be the most suitable for
the given purpose and was later used in a model experi-
ment with irradiated BaTiV and SrTiV mixtures. The proce-
dure with the foil allowed counting of the sample at much
closer distance from the detector and led to improving the
LOD of vanadium by a factor of two. The procedure was
then used for analysis of two real ferroelectric crystals with
mass of about 75 mg. Standard reference material SRM
1648 Urban Particulate Matter (NIST) was used as the con-
trol material.

The study was performed within CANAM infrastructure
(MEYS project no. LM2011019).
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ANALYSIS OF ARISTOLOCHIA LONGA MEDICINAL PLANT FROM ALGERIA

Z. Lamari'*, R. Larbi!, H. Neggache?

'Department Recherche, Comena, Bp43 Centre de Recherche Nucleaire de Draria, Algerie, ¥*e-mail: zohralamari@yahoo.fr
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Neutron activation analysis was applied to assess trace
element concentrations in Aristolochia Longa, Bereztam is
the common name, medicinal plant widely used in tradi-
tional medicine in Algeria, Morocco and forbidden in sever-
al countries. The Cr, Na, La, K, Br, As, Sb have been quan-
tified by long irradiation time with thermal and epithermal
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flux of 3.98 E13 n/cm?/s and 1.49 E12 n/ cm? / s respec-
tively. This irradiation was performed in the core of NUR
Algerian Reactor. Certified reference materials SDM-2TM
lake sediment was used for the elemental quantification, the
IAEA —V10 Hay Powder and IAEA —SL1 Lake Sediment
were analyzed for quality of the analytical results.

RARE EARTH ELEMENTS CONTENT AND LEACHABILITY IN COAL FLY ASH

FROM FIGUEIRA COAL POWER PLANT

Camila Neves Lange, Marina Beatriz Agostini Vasconcellos, Ana Maria Graciano Figueiredo,

lara Maria Carneiro de Camargo, Liliana Castro, Regina Beck Ticcianeli

Instituto de Pesquisas Energéticas e Nucleares (IPEN-CNEN/SP), Sao Paulo, SP, Brazil, e-mail: clange@usp.br

Keywords: REEs, leaching, fly ash, coal

On the last couple of years, Brazilian southeast region has
faced a serious drought and hydroelectricity is the main
source of power in this country portion. Because of that,
coal power plants have been operating in their maximum
capacity and have enhanced the production of coal fly ash
(CFA) in Brazil. Several studies on its reutilization have
been conducted and its chemical characterization is impor-
tant to point new uses and to improve the existing ones.
Recently, CFA has been considered as source of rare earth
elements (REEs) and the offspring of this new use of this
industrial waste has intensified the number of studies on
determination of REEs content and leachability, since di-
lute acid dissolution has been pointed as a possible alterna-
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tive of extraction of these elements from CFA. The aim of
this study was to evaluate REEs content in coal fly ash from
Figueira Power Plant, located at Parana State, Brazil. Be-
sides that, CFA were leached with a dilute solution com-
posed of HNO, and H,SO, (pH = 4.5) over 168 and 336
days. The REEs content was analysed on ashes before
and after leaching by Instrumental Neutron Activation
Analysis (INAA) and evaluated by statistical tools, such as
analysis of variance (ANOVA) and principal component
analysis (PCA). The content obtained for non leached
ash was compared with those present in commercial REEs
ores, such as monazite and bastnaesite, for future commer-
cial purpose.

SOIL TRACE ELEMENT STATUS IN AN IMPOUDED VEHICLES SCRAPYARD

Camila Neves Lange!, Ana Maria Graciano Figueiredo', Jacinta Enzweiler’

Instituto de Pesquisas Energéticas e Nucleares (IPEN-CNEN/SP), Sao Paulo, SP, Brazil, e-mails: clange@usp.br, anamaria@ipen.br
?Instituto de Geociéncias, Universidade Estadual de Campinas (UNICAMP), Campinas, SP, Brazil, e-mail: jacinta@ige.unicamp.br

Keywords: metals, impounded vehicles scrapyard, soil

The number of motor vehicles has increased by 118% over
the past decade in Brazil, which is transforming urban space
regarding mobility, parking and disposal capacity of these

vehicles. Impounded vehicle scrapyard overcrowding has
become a challenge in many Brazilian regions. This now is
considered a potential risk to soil quality, since vehicles are
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usually parked directly on the topsoil. The aim of this study
was to evaluate topsoil samples from a scrapyard of im-
pounded vehicles for Potentially Toxic Elements (PTEs),
like As, Co, Cr, Cu, Mo, Ni, Pb, and Zn, and rare-earths.
The area of study is in Ribeirdo Pires, Sdo Paulo, Brazil.
For this purpose, forty samples were analysed by Instru-
mental Neutron Activation Analysis (INAA) and X-Ray
Fluorescence Spectrometry (XRF). The obtained values
were compared with literature data from Brazil and other
regions around the world, as so with recommended values
from environmental regulatory agencies. Some soil-geo-
chemical variables [including pH, organic matter (OM),
cation exchange capacity (CEC)], and texture (e.g. clay,
silt and sand content) were used to interpret the behaviour
of the studied elements in the soil. The PTEs contents
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ranged as follows: As (<3-15 mg kg'), Co (2-30 mg kg™),
Cr (7-183 mg kg™"), Cu (3-73 mg kg'), Mo (<1-6 mg kg™),
Ni (<3-38 mg kg), Pb (23-211 mg kg!) and Zn (18-352
mg kg'). In some hotspots, PTEs content exceeded conti-
nental crust and also international recommended values.
The normalization of the rare-earth data by the Post-
Archean Average Australian Shale (PAAS) indicated high
anomalous values of Ce in some points that may suggest
an anthropogenic source, such as vehicle exhaust catalysts
(VEC). Total contents of PTEs rank in the following order:
Cr>Zn>Pb>Cu>Ni>As>Co>Mo. This is the first study in
scrapyards of impounded vehicles in Brazil. The results
may be used to monitor soil contamination in these sites
and for more effective environmental management.

NEUTRON AND PHOTON ACTIVATION ANALYSES IN GEOCHEMICAL CHARACTERIZATION

OF LIBYAN DESERT GLASS

Jiri Mizera, Zdenék Randa, Ivana Krausova

Nuclear Physics Institute, The Czech Academy of Sciences, Hlavni 130, 250 68 Rez, Czech Republic,

e-mails: mizera@ujf.cas.cz, randa@ujf.cas.cz, krausova@ujf.cas.cz

Keywords: INAA, IPAA, Libyan Desert Glass, tektite, Kebira Crater

Nine samples of Libyan Desert Glass (LDG) have been
analyzed using instrumental neutron activation analysis
(INAA) in various analytical modes (short and long time
irradiation, epithermal) and photon activation analysis
(IPAA). Elemental composition of LDG points to quartz
sand as a main component of the parent materials, with
admixture of elements implying an aluminosilicate compo-
nent (clay minerals cementing quartz grains). A depletion
of volatile elements (alkalis, Zn, As, Br, Sb, etc.) may reflect
their evaporation loss during the impact. Higher Zr con-
tents coupled with elevated contents of heavy rare earth
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elements may reflect melting of refractory zircon. LDG
has recently been associated with the Kebira Crater on the
Libya-Egypt border. The impact area was flooded with sea-
water during Cenomanian/Turonian stage and the assumed
origin of LDG parent materials — compact sandstone with
accessory minerals — in marine environment has been sup-
ported also by previous Li isotope investigation. No con-
tamination of LDG by meteoritic material has been evi-
denced.

The study was supported by the projects 13-22351S of
the Czech Science Foundation.

ACTIVATION CROSS-SECTION AND ISOMERIC RATIO STUDIES
FOR THE "Ag(n,x)!06em105104gmA ¢ REACTIONS FOR NEUTRONS
WITH AVERAGE ENERGIES FROM 15.11 MeV TO 35.3 MeV

M. Nadeem, G. N. Kim, M. Zaman, K. Kim, H. Naik, M. Shahid, T. Hien
Department of Physics, Kyungpook National University, Daegu 702-701, Republic of Korea

The neutron induced cross-sections for the "*Ag(n,x)
106gm.105,104¢mA o reactions and isomeric cross-section ratios
for "tAg(n,x)!%em1%emAo were determined by an activation
and off-line y-spectrometric technique with average ener-
gies from 15.11 MeV to 35.3 MeV. The quasi-mono high

energetic neutron beam was produced via the 9Be(p,xn)
reaction through proton energies of 25 MeV, 35 MeV and
45 MeV at KIRAMS, Seoul. Average weighted neutron
energies <En> were used in the measurements to compen-
sate the effect of broad quasi mono energy neutron beam.
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Experimentally, neutron flux was determined by measuring
activity of 24Na through 27Al(n,0)24Na reaction. In order
to measure all induced activities, gamma spectroscopy was
done by P-type high purity germanium (HPGe) detector.

It was also found that for the same neutron spectrum,
cross-section for the ™'Ag(n,x)!'%®mAg reaction is high-
er than the "*Ag(n,x)'Ag, which in turn higher than the "
Ag(n,x)'"emAg, It is due to increase number of neutron
emissions and also increase in reaction threshold energy
from the former to the latter.

283

It was also studied that cross-sections for ground state
isotopes have higher cross-section values. All the attained
results have been compared with TENDL-2014 library and
related literatures as well.

Neutron flux was simulated by MCNPx code and the
discussed cross-sections were calculated by TALYS 1.6
code. Both measured and calculated results were found in
good agreement, which shows the validity of the codes.

HIGH-ENERGY CALIBRATION DATA FOR NEUTRON ACTIVATION ANALYSIS
Laszlo Szentmiklosi'*, Zsolt Révay?, Boglarka Maroti!, Dénes Parkanyi!, Ildiké Harsdanyi’

!Centre for Energy Research, Hungarian Academy of Sciences, Budapest, Hungary, *e-mail: szentmiklosi.laszlo@energia.mta.hu
2Forschungs-Neutronenquelle Heinz Maier-Leibnitz (FRM II), Garching, Germany

Keywords: NAA, gamma spectrometry, efficiency calibration

In neutron activation analysis (NAA), there is a need to cal-
ibrate the HPGe detectors up to about 3.1 MeV, in order to
properly analyse elements like Na, Ca and S. Commercially
available radioactive sources cover the energy range only
up to about 2.2 MeV, but not beyond. With activation in
the reactor, however, several nuclides can be produced at
low cost having high-energy gamma lines, such as Ga-72,
Mn-56, Na-24. The application of such isotopes for calibra-
tion is hindered by imprecise or confronting nuclear data.
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At a PGAA station, where the detector calibration is done
on a routine basis up to 11 MeV, one can find ideal condi-
tions to derive energies and relative intensities for such
high-energy gamma emitters. In the paper we report about
the recent experiments made at the Budapest PGAA facili-
ty and at the PGAA station of FRM II Garching, to produce
a coherent dataset of such nuclides and apply them for effi-
ciency and nonlinearity calibration. After verification this
could form a basis of a more advanced detector calibra-
tion procedure for NAA.

k0-NAA FOR DETERMINATION OF REE IN REFERENCE MATERIALS OF ORE SOURCES
Caijin Xiao!, Yonggang Yao, Long Hua, Xiangchun Jin, Pingsheng Wang, Bangfa Ni

'Department of Nuclear Physics, China Institute of Atomic Energy, P.O. Box 275-50, Beijing, China, e-mail: cjshaw(@ciae.ac.cn

Keywords: rare earth elements, k0-NAA, interference corrections

The rear earth elements (REE) have been analysed by
kO-NAA in three kinds of reference materials of ore sourc-
es from Australia nuclear science and Technology organi-
zation (ANSTO). The sample irradiation was carried in
China Mianyang Research Reactor (CMRR). The gap of
REE concentration is much difference in three kinds of
reference materials and one has the high concentration of
uranium. In this work, purity iron wire and Zr foil were
used to monitor the neutron spectrum parameters (f, ¢,,) at
irradiation positions. Duo to the high concentration of ura-
nium, fission products interference have been considered

carefully and the factors from fission interference (IK0) of
Nd, Ce, La and gamma interference of Sm form 2*Np were
determined. The effective interaction depth (EID) is em-
ployed to normalize sample radioactivity at different
counting positions due to the big difference of components
between three kinds of reference materials. The concentra-
tions of La, Ce, Eu, Tb, Nd, Nb in three samples were
determined by kO neutron activation analysis. Two kinds of
certified reference materials was also analysed at same
procedure for quality control. The results indicated a good
agreement with certified values of REEs.
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LOW LEVEL DETERMINATION OF URANIUM IN CONCRETE
BY LASER-INDUCED BREAKDOWN SPECTROSCOPY

Alonso Castro’, Helen Boylan®, Ben Griffiths’, Ning Xu'
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We conducted an evaluation of commercially available
Laser-Induced Breakdown Spectroscopy (LIBS) instruments
with the purpose of determining their suitability for the anal-
ysis of actinides in urban debris. Pellets of uranium dioxide
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in a concrete matrix were prepared and analyzed by LIBS.
The precision and limits of detection of the technique were
evaluated using a multivariate algorithm. The possible use of
this method for nuclear forensics applications is discussed.

IDENTIFICATION OF HIGH CONFIDENCE NUCLEAR FORENSICS SIGNATURES
BY ANALYSIS OF CONFISCATED NUCLEAR MATERIALS

Bernadett Henn, Katalin Talos, Kornél Fél, Istvan Almasi, Andras Kocsonya, Péter Vélgyesi,
Nguyen Cong Tam, LaszIlo Lakosi, Andras Kovdcs, Eva Kovdcs-Széles, Tamds Bird

Hungarian Academy of Sciences, Centre for Energy Research, Konkoly-Thege Miklos Gt 29-33, H-1121 Budapest, Hungary

licit trafficking of nuclear and other radioactive material
is a subject of serious concern due to the radiological haz-
ard to the public and the environment as well as the security
risks associated nuclear and other radioactive material out
of regulatory control. The problem of theft or loss of nuclear
materials has affected countries on all five continents em-
phasizing the international scale of this issue.

To increase confidence in determining the origin and his-
tory of questioned materials, analysis of numerous compar-
ison samples from the same and also different confiscations
and batches with different origin is necessary. This method
can serve the relevant signatures of the nuclear materials for
real origin assessment.

In this work analysis of nuclear materials obtained during
past seizures by the Hungarian authorities was performed

and the results were statistically evaluated to find the high
confident signatures. Different techniques and methods
were used which are available at the Hungarian Academy of
Sciences Centre for Energy Research (e.g. Mass Spectrom-
etry, Gamma Spectrometry, Scanning Electron Microscopy,
X-ray Fluorescence, X-ray Diffraction, Laser Induced
Breakdown Spectroscopy, etc.) to obtain a relatively large
and informative database.

The analysis contents both conventional parameters (iso-
tope ratios, enrichment, production date, morphology, sur-
face, structure, physical parameters, impurities, reprocessing,
etc.) as well as new parameters obtained during the method
developments or adaptations. After the evaluation of the da-
tabase obtained from measurements conclusion for high
confidence nuclear forensic signatures was made an attempt.
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COMPLETE ICP-MS ANALYSIS OF PLUTONIUM SAMPLES CONTAMINATED WITH URANIUM

Doris Ho Mer Lin*, Diane Tiong, Boon Kin Pong
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ICP-MS analysis of plutonium that contains or is contami-
nated with uranium requires complete separation to over-
come isobaric interference of U-238 on Pu-238. Current
separation method with separation resins is not able to
achieve 100% separation of U from the Pu sample. A second
and complementary technique, such as alpha spectrometry,
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has to be utilized to determine the quantities of Pu-238.
To overcome the need for a second technique, we explored
the approach of in-sample correction on the m/z 238 data
(Pu-238 + U-238) by deriving information of U-238 signal
contribution from the m/z 235 data (U-235 only).

APPLICATION OF IBA IN THE FORENSIC PROFILING OF ENVIRONMENTAL POLLUTION

OF NATURAL RESOURCES
J. A. Mars!, J. F. Guambe? 3, J. Day?

'Faculty of Health and Wellness Sciences, Cape Peninsula University of Technology, PO Box 1906, Bellville, 7535, South Africa
2Physics Department, Eduardo Mondlane University, PO Box 257, Maputo, Mozambique
SFreshwater Research Unit, Department of Zoology, University of Cape Town, Private Bag, Rondebosch, 7701, South Africa

Introduction: Environmental pollution events occur over
extended time periods. It is difficult to pinpoint the pollu-
tion origin and so holding perpetrators legally responsi-
ble. Fish-scales are suitable in monitoring pollution as
the contaminants are incorporated into the scale matrix.
Objectives: 1) To use IBA techniques, to analyse scales
of four types of fish, P. kaakan; L. gibbus; P. pinjalo and
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L. mormyrus were; 2) Mathematically model growth char-
acteristics of the scales. Principle results: The homogenei-
ty of major components in the fish scale matrices dif-
fered significantly. Concentrations of trace elements, toxic
to biota and present in the matrices were identified. Major
conclusions: A basis for forensic profiling of environmen-
tal pollution is provided.

ON THE ACCURACY OF GAMMA SPECTROMETRIC ISOTOPE RATIO MEASUREMENTS

OF URANIUM

H. Ramebdck" **, P. Lagerkvist!, S. Holmgren', S. Jonsson!, B. Sandstrom!, A. Tovedal', A. Vesterlund"?,

T Vidmar®, J. Kastlander?
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3SCK-CEN, Belgian Nuclear Research Centre, Boeretang 200, 2400 Mol, Belgium

4Swedish Defence Research Agency, FOI, Defence and Security, Systems and Technology, SE-164 90 Stockholm, Sweden

The isotopic composition of uranium was measured using
high resolution gamma spectrometry. Two acid solutions
and two samples in the form of sintered UO, pellets were
measured. The measurements were done in close geome-
tries, i.e. directly on the endcap of the high purity germa-
nium detector (HPGe). Applying no corrections for count
losses due to true coincidence summing (TCS) resulted in
up to about 40% deviation in the abundance of U from

the results obtained with mass spectrometry. However, af-
ter correction for TCS, excellent agreement was achieved
between the results obtained using two different measure-
ment methods, or a certified value. Moreover, after correc-
tions, the fitted relative response curves correlated excel-
lently with simulated responses which were based on a
semi-empirical calibration, for the different geometries, of
the HPGe detector.
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RECERTIFICATION OF A 3Sr ISOTOPE REFERENCE MATERIAL
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Isotopic Reference Materials (IRMs) ensure that nuclear fo-
rensic analyses are accurate, comparable, and traceable
when being used to identify the origin of a material and
assess the amounts and types of nuclear fuel products. The
National Institute of Standards and Technology (NIST),
with the U.S. Department of Homeland Security (DHS), is
re-certifying a Sr-84 iRM; Sr-84 is a stable nuclide of Sr
that can be used as an isotope dilution mass spectrometry
(IDMS) tracer to measure the stable-and-radioactive Sr iso-
tope amount content in nuclides such as Sr-90, a nuclear
fission product. We possess a stock of SRM 988 (a 99.892%
Sr-84 solution created in 1973) and will use it to create the
new iRM. A detailed characterization of the tracer will be
performed to determine the Sr isotopic composition and
the amount content of the tracer. We plan to produce 500
units of this iRM for sale, with enough solution for an
additional 1500 units held in reserve. The 500 SRM units
will contain a total of 5 mg Sr in 25 mL of 2% (g/g) HNO;,
at a mass fraction of 200 ng Sr/g, and will be stored in 30
mL PFA bottles packaged in Mylar bags.

The Sr-84 characterization will be done at NIST. After
the 500 SRM units are bottled, approximately six samples
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will be selected by stratified random sampling to be used
for both assay and isotopic characterization. In the analy-
sis, the relative abundance of #Sr, %Sr, ¥Sr, and %¥Sr will
be measured. All samples will be measured in duplicate.
Associated blank samples will bracket all sample measure-
ments, and potential molecular interferences, abundance
sensitivity issues, and other factors affecting measurement
accuracy will be quantified. The 3¢St/*Sr ratio of NIST
SRM 987 (a terrestrial strontium-carbonate strontium iso-
tope reference material) will be used in a sample-standard
bracketing routine for the MC ICP-MS analyses to correct
for mass bias. Mass bias samples will bracket all sample
measurements and correction factors will be calculated and
applied to other Sr isotopic ratios. SRM 3153a (a Sr stand-
ard solution certified for Sr concentration) will be used as
a reverse IDMS spike. The IDMS isotopic analyses will
be performed intermixed with the Sr isotopic ratio sam-
ples and reference materials mentioned above. For IDMS,
the 34Sr/®Sr ratio will be measured. Statistical evaluation
of the data will follow standard GUM procedures to arrive
at an uncertainty budget.

COMPARISON OF METHODS FOR MEASURING LANTHANIDES IN URANIUM MATRICES

Anna Vesterlund" ?*, Petra Lagerkvist!, Christian Ekberg?, Henrik Ramebdck! ?

'Swedish Defence Research Agency, FOI, CBRN Defence and Security, 901 82 Umea, Sweden, *e-mail: anna.vesterlund@foi.se
2Chalmers University of Technology, Department of Chemistry and Chemical Engineering, Nuclear Chemistry, G6teborg, Sweden
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Lanthanide patterns are useful for attribution of uranium
ore. Mass spectrometric measurements of lanthanides pro-
vide low detection limits but there are a number of isobaric
interferences as well as polyatomic interferences such as
oxides or hydrides that may distort the results. If the inter-
ferences are not corrected for, the measurement results may

be invalid. In this work measurements of lanthanides are
performed by two methods; either by using a dry plasma to
drastically lower the oxide formation, or by using a chemi-
cal separation to divide the lanthanides into fractions which
prevents the formation of spectral interferences by both iso-
bars and oxides.



POSTER PRESENTATIONS — Nuclear instrumentation and methodology

161

Nuclear instrumentation and methodology

390

MONTE CARLO METHODS FOR GAMMA SPECTROMETERY EFFICIENCY CALIBRATION

FOR ENVIRONMENTAL APPLICATIONS
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Gamma spectrometry is an effective tool for detecting and
measuring environmental radiation. An important require-
ment for accurate measurement is proper calibration for the
efficiency of the spectrometer. This task is typically per-
formed by counting a standard source of known radioactiv-
ity with the same geometry and composition of the samples
under investigation. A problem arises, however, when such
a source is unavailable, or when a certain targeted radionu-
clide has decayed or is not present in the source. Nonethe-
less, an alternative exists with the utility of computational
approaches that simulate interactions of photons with mat-
ter. Although these computer programs are commercially
available, their hefty prices which could reach four-figure
numbers make them unavailable to many labs.

A remedy was sought for this work by developing an
in-house computer code that simulated interactions of pho-
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tons with the materials of the sample of interest and the
counting system. This program which was written in the
C++ syntax of GEANT4, utilized Monte Carlo methods
for repeated random sampling of the photon interactions.
To provide flexibility and control, the code allowed its users
to freely create the desired geometries and compositions of
the modelled samples and detectors. Moreover, the code of-
fered its users the selection of the appropriate physics of
interactions to simulate the photon-material behaviour.
Running on a personal computer, this code gave an output
that was in close agreement with experimental results for a
set of standard sources that covered various geometries and
compositions. With this achievement, a practical, free-of-
charge method was made available to environmental radio-
activity labs for accurate gamma spectrometry measure-
ments.

ACTIVITY DETERMINATION OF ALPHA AND BETA EMITTERS IN ORGANIC
AND AQUEOUS AGRESSIVE MEDIA BY CROSSLINKED PLASTIC SCINTILLATORS (C-PS)

Héctor Bagan!, Alex Tarancon?, Lei Yei', José Francisco Garcia’
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2Department of Analytical Chemistry, University of Barcelona, Marti I Franqués, 1-11, 08028, Barcelona, Spain,
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Plastic Scintillation is an interesting alternative to Liquid
Scintillation for activity determination of alpha and beta
emitters. However, the physico-chemical characteristics of
Plastic Scintillation microspheres (PSm) used for this pur-
pose, linear polymeric chains, allow that this material is
dissolved or degraded in aggressive aqueous or in organic
media. This drawback can be overcome with the addition
of a crosslinker that transforms the polymer structure into a
three-dimensional network that confers to the polymer re-
sistance and rigidity. However, this addition may lead to an
important reduction on the detection efficiency of Plastic
Scintillation materials.

The objective of this study is the synthesis and evaluation
of a suitable Crosslinked Plastic Scintillator(C-PS) for radi-
oactivity determination in organic and aqueous aggressive
media.

The study was organized in different steps: first, it was
considered the influence of the crosslinker: polymer propor-
tion. The results showed that an increase in the crosslinker
content reduces the detection efficiency. Next, it was studied
the use of two different crosslinker molecules. In this case,
the inclusion on the structure of a more flexible molecule
yields to an improvement on the detection efficiency. The
study of the fluorescent molecule and its concentration were
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also evaluated. The results showed that 2,5- diphenyloxaz-
ole (PPO) is the most adequate fluorescent solute and that
an increase on its concentration causes little change on
the detection efficiency. On the contrary, the addition of a
secondary fluorescent solute 1,4-bis-2- (5-phenyloxazolyl)
benzene (POPOP) improves the C-PS radiometrical char-
acteristics.

Finally, the detection capabilities of C-PS were studied
in different aqueous and organic media. The C-PS shows
a good stability and reproducibility in all conditions. The
measurements of H-3, C-14, Sr-90/Y90 and Am-241 in the
considered aqueous aggressive media (hydrochloric acid,
nitric acid and hydrogen peroxide) showed similar detec-
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tion efficiency values to the commonly achieved on the
analysis of non-aggressive aqueous solutions by PSm but
with the spectra shifted to lower energies. The detection of
the same radionuclides by C-PS in organic media (toluene,
hydrotreated vegetable oil (HVO) and methanol) showed
higher detection efficiency values than those commonly
found in aqueous media by PSm with the spectra located
at the same position. This behavior is probably due to the
more similar polarity between the polymer (with high sur-
face area) and the media.

These results show the suitability of this new material
for the measurement of radioactivity samples in aggressive
and especially in organic media.

COMPARING DOSE CALIBRATION METHODS OF NIPAM GEL DOSIMETER USED

FOR RAPIDARC™ TREATMENT

Chin-Hsing Chen', Min-Jia Tsai?, Yuk-Wah Tsang’, Chung-Yu Chiw’, His-Ya Chao’,

Chun-Hsu Yao?**, Yuan-Jen Chang'
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The NIPAM gel dosimeter has been revealed by Senden et
al. since 2006. As compared with other polymer gel dosim-
eter, NIPAM gel dosimeter has many advantages such as
low toxicity, high spatial uniformity, and long-term stability.
However, Sedaghat et al. (2011) claimed that the exother-
mic nature of polymerization reaction may cause deviation
of dose response. And physicochemical error can be ob-
served between small calibration vials and in-phantom cali-
bration methods. Therefore, the aim of this study was to
evaluate quantitatively the error using gamma evaluation
technique. A NIPAM gel dosimeter was prepared with 5%
gelatin, 5% NIPAM, 3% N,N’-methylene bisacrylamide,
and 10 mM Tetrakis (hydroxymethyl) phosphonium chlo-
ride. Then it was irradiated by RapidArc™ (Varian Medical
Systems). The irradiation energies for VMAT were set as
6 MV photons and prescribed dose was 5 Gy. In current
study, two calibration methods were used for dose conver-
sion. The first method is the small vial calibration method,
and the dose response curve of NIPAM gel dosimeter was
proposed by Chang et al. (2011). Five glass vials (Pyrex

model no. 9826, 13 mm outer diameter, 100 mm length)
filled with NIPAM gel and each vial was irradiated at vari-
ous doses (i.e. 0, 1, 2, 5, and 8 Gy) by the same accelerator.
The second method is the in-phantom calibration method
proposed by DeJean et al. (2006). A phantom filled with
NIPAM gel were irradiated by four pencil beams irradiation
at dose 1Gy, 2 Gy, 5Gy and 8Gy, respectively. Two calibra-
tion curves were obtained from the small vial calibration
and in-phantom calibration, and can be used for dose con-
version of NIPAM gel dosimeter. The gamma evaluation
was adopted and the pass rates were calculated point by
point by comparing the dose distribution between TPS and
measured data from gel dosimeter. The criterion 3% dose
difference and 3 mm dose-to-agreement criterion for gam-
ma evaluation was used. The pass rate was calculated from
the percentage of points with y<1.00. Although some previ-
ous researches claimed that discrepancies between small
vials calibration and in-phantom calibration methods, the
gamma pass rates obtained from two methods were in the
same level. Detailed discussion will present in current study.
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EXAMINATION OF LARGE FUSION DEVICE BY MEANS OF NANOSECOND NEUTRON PULSE

GENERATED BY DENSE PLASMA FOCUS PF-6

Viadimir Gribkov' ?, Barbara Bienkowska', Slawomir Jednorog'*, Marian Paduch’
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The aim of presented research was to investigate, an angu-
lar distribution of neutron emission of plasma focus (PF)
device PF-6 and afterward the use of the above device for
the examination of large Z-pinch fusion facility. As a result
of deuterium-deuterium (D-D) fusion reaction this PF-6
generates a quasi-monoenergetic single neutron pulses
that have duration of 10-20 ns. The total neutron yield is in
the range of 10%+10° neutrons per pulse. The device has
been chosen for the experiment on modelling of the interac-
tion of neutron pulse with a vacuum vessel of a fusion facil-
ity. Large stainless steel Dense Plasma Focus (DPF) vacuum
chamber of a PF-1000 facility was used as a subject of in-
vestigation.

The anisotropy measured on particular direction is ex-
pressed as the neutron flux ratio while the distinguish direc-
tion is perpendicular to the main axis of the device.
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In order to investigate the response of target device the
activation monitors with silver and yttrium were applied.
The initial anisotropy of neutron emission of the PF-6 was
investigated in a quasi non scattering condition. Than the
PF-6 device was mounted inside the vacuum vessel of
PF-1000 device. Significant change has been observed in
this characteristic after penetration of neutrons through
the PF-1000 device. Discussion of the reason of this data
modification is connected with the absorption and elas-
tic scattering of neutrons on obstacles belonging to the
device.

It was shown that in case of large plasmas facilities like
JET and ITER their examination with DPF source alterna-
tively to the other calibration sources could fulfil us with
basic information regarding neutron interaction with main-
stream plasma devices.

STUDY ON DETERMINATION OF LOW NEUTRON DOSE IN STRONG X(y) RADIATION FIELD

Zhang Guiying' 2, Li Jingyun?, Xu Guoliang?, Li Jue’, Wang Jianguo’, Niu Dongsheng?, Cao Lei?, Ni Bangfa’',
Xiao Caijin', Jin Xiangchun', Yao Yonggang!, Guo Zeqin?, Wang Zhichao’, Qiu Yutong’

!China Institute of Atomic Energy, Fangshan District, Beijing, China, e-mail: 18600668652@163.com
Beijing Institute of Occupational Medicine for Chemical Industry, Beijing, China

Keywords: Bubble Neutron detector, y rays, 6 MV medical accelarators

X-rays produced by medical accelerators have been widely
used in radiotherapy. During the process of therapy, a cer-
tain level of photonuclear neutrons may be produced by
the (y,n) and (y,2n) reactions on elements in surrounding
materials. These neutrons are potentially harmful for medi-
cal personnel and patients. It has been a difficult problem
to evaluate the neutron radiation dose levels of medical
accelerator and the occupational health effects on related
personnel, so as to effectively control the neutron dose re-
ceived by the staff and patients. Bubble Neutron detector
(BND) is one of the most promising neutron dosimeters to

solve the above-mentioned problem for its stable energy re-

sponse over wide range of neutron energy, low detection

limit, high detection sensitivity, real-time monitoring of

neutron dose and — insensitivity to y rays. In this work, the

experimental results have been shown as followed:

1) BND is responsive to y rays with the energy and dose
higher than 6 MeV and 2Gy.

2) There are no photonuclear neutrons produced in the
treatment plane of 6 MV medical accelarators.

3) The bubble signals produced in the BND in the treatment
plane of 6 MV medical accelarators are from vy rays.
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ANALYTICAL METHODS FOR USING ALPHA-SPECTROMETRY
Jenny Halleréd®, Lovisa Bauhn, Christian Ekberg, Emma Aneheim
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Alpha-spectrometry is a useful measurement technique
within the fields of partitioning and transmutation of used
nuclear fuel. The alpha-spectrometry can measure and dis-
tinguish between several alpha emitters present in the same
sample, something that few other measuring techniques can
manage. Due to this is the alpha-spectrometry a very useful
measurement technique, but there are however some draw
backs. At Chalmers University of Technology a source of
error has been found within the sample preparation result-
ing in unreliable results. In this work have different methods
of sample preparation been investigated.

There are several different protocols for preparation of
alpha-spectrometry samples. A common method for alpha
spectrometry measurements is electroplating, at Chalmers
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a liquid sample is placed on an alpha planchet and mixed
with zaphonelack. The sample mixture is dried under an
IR-lamp and the organic residue is burnt of using a gas burn-
er. Problems has however been found concerning the relia-
bility and repeatability of the method. To be able to find a
reliable method for the sample preparation, different ap-
proaches have been investigated.

Some of the investigated parameters are the possible
measurement differences if the sample is premixed with
the zaphonelack before placement on the alpha planchet,
how the volume and placement of the sample on the plan-
chet affect the measurement and how the burning affect the
sample, is there a difference if the sample is burnt from
the bottom of the planchet or from above?

ANEWALLOY COMPENSATION METHOD FOR THICKNESS MEASUREMENT

Jin-Woo Lee' 2, Jongho Jeon!, Chang-Hyeong Kim?, Sang-Jin Kim*, Jong-Il Kim’
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*Department of Nuclear Engineering, Hanyang University, Seoul-Si, Korea
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The thickness of a steel product is one of the most impor-
tant quality factors. In addition, an accurate thickness meas-
urement using radiation is essential for a quality assurance.
In on-line manufacturing iron-making processes, several
kinds of elements are mixed in the iron to meet the required
quality for the final products. Moreover, the influence of
the alloyed elements on the thickness deviation measure-
ment is due to their own properties.

The conventional method using a sample acquired at the
trial production to compensate thickness deviation from the
mixture of elements is very limited because there are many
new alloy steel products.

In the present study, a high-quality alloy compensation
method for a thickness measurement is developed in the
form of a correction function of each element’s weight per-
centage based on the analysed data of the MCNP code.

Our results show that the new alloy compensation meth-
od satisfies the accuracy requirement for thickness gauges,
which is £0.5% of the target thickness. The new method has
been successfully adopted in high-strength steel product
lines at POSCO in Korea.
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LUMINESCENCE CHARACTERISTICS OF Al,O,:C TL GLOW PEAKS SEPARATED
BY COMPUTERIZED GLOW CURVE DECONVOLUTION

Y J Lee!, M. J. Kim!, D. G. Hong?

'Radiation Technology Institute, Neosiskorea Co. Ltd., Daejeon 305-380, South Korea
2Department of Physics, Kangwon National University, Chuncheon 200-701, South Korea

Since the introduction in the early 1990s, high sensitive
AlO,:C for ionization radiation has attracted considera-
ble attention as a material for TL dosimeter to measure an
environmental radiation dose, e.g. a very low radiation
dose. This material, however, indicates a limit of TL dosim-
eter due a serious thermal quenching, that caused reduc-
tion of the TL signal at high temperature. The interest in
this phosphor was further intensified when it was consid-
ered as a sensitive and practical material for OSL dosime-
try because of its excellent OSL properties and capability
of avoiding the thermal quenching. It shows linearity of
light output for radiation doses of seven orders of magni-
tude, no fading of information due to the deep nature of
the traps, and extremely good environmental stability.

514

Although the exploitation of the TL glow curves of AL,O;:C
for OSL dosimetry has been extensively investigated,
most previous works have been based on the TL intensity
integrated over a particular temperature range on the glow
curve, without any separation of peaks. In this presentation,
we discuss the physical characteristics of the overlapping
peaks in the TL glow curves of Al,O,:C sample.
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PRELIMINARY DESIGN OF CR39 FAST/ THERMAL NEUTRON PERSONAL DOSIMETER USED

IN OIL& GAS FIELD LOGGING
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Objective: To increase externally-assigned response, im-
prove energy response of CR39 and develop positive fast/
thermal neutron personal dosimeter applicable for occupa-
tional exposure in oil & gas field logging by using pre-re-
coil layer. Methods: The externally-assigned response of
CR39 detector was improved through increasing the track
density by using the a particle induced by the reaction of
19B(n,a)’Li with the BN as pre-recoil layer, and the increase
was vilified by using both Monte-Carlo simulation and
experiment exposed by standard neutron source. Results:
Fast/thermal neutron personal dosimeter’s neutron flux

sensitivity and neutron dose equivalent sensitivity are
3.46x10™ track per neutron, 7.57+£0.41x10? track x cm? x
mSv! respectively. The detecting linearity range is be-
tween 0.013 and 52.8 mSv. Conclusions: According to the-
oretical derivation and experiment of standard 241Am-Be
neutron source, detecting efficiency and energy response
of CR39 were effectively improved, and quantitative meas-
urement of dose contributed by thermal neutron was real-
ized. CR39 fast/thermal neutron personal dosimeter of high
sensitivity is applicable to oil & gas field logging environ-
ment and of potential development.
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DEVELOPMENT OF ANALYSIS TECHNIQUES FOR PRECISE MEASUREMENTS OF 23U
IN ENVIRONMENTAL SAFEGUARDS SAMPLES WITH HIGH THORIUM CONTENTS
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Environmental safeguards samples often contain various
species depending on sampling environments such as loca-
tions and facilities, etc., which may interfere with the target
isotopes or elements. Among the interfering species, 2>Th is
one of the major interfering isotopes in analysis of 233U by
using ICP-MS due to the formation of [*ThH]. In this
study, two major improvements were adopted in order to
minimize the influence of [>*?ThH] on 2**U isotopic analysis.
The first was the use of desolvator (Aridus II, CETAC),
which induces decrease of the formation of [>2ThH], in the
sample introduction system of MC-ICP-MS (Neptune Plus,
Thermo Scientific). The formation ratios of [>?ThH]/>3U
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were evaluated using various concentrations of U/Th mix-
ture solutions. The result showed that the formation ratios
of [??ThH]/>*U decreased along with the use of desolva-
tor. The second was UTEVA-based chemical separation
technique in environmental samples with high thorium con-
tents by adjusting separation parameters of uranium and
thorium. The appropriate eluents were identified as 5 M HCI
and 0.01 M HCI for thorium and uranium, respectively.
The chemical separation yields for uranium and thorium
were achieved more than 95% based on the elution curves
of these elements. In particular, separation factor of thorium
from uranium was estimated as ~10°.

CALIBRATION OF GAMMA-RAY DETECTORS USING GAUSSIAN PHOTOPEAK FITTING
IN THE MULTICHANNEL SPECTRA WITH LABVIEW-BASED DIGITAL SYSTEM
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Different methods and processes are used in the field of
gamma-ray detector calibration. The aim of the presented
work is to validate the newly implemented calibration
concept with a well-known Gaussian fit in the developed
software application.

Various source’s pulse-height spectra have been record-
ed utilizing the gamma-ray spectrometry system and two
similar Nal:Tl detectors. The detector signal acquisition
uses digital oscilloscope card, personal computer and dedi-

cated software application which works as a pulse-height
spectra recorder (two channels are simultaneously digi-
tized) and main application as multichannel analyser (MCA)
for off-line spectra analyses. All steps were controlled by
LabVIEW™ (National Instruments) graphical program-
ming.

The energy scale calibration of gamma-ray detectors and
other parameters evaluations were performed with various
radioactive sources of gamma-rays: 2?Na (511.0 keV, 1274.5
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keV), ©°Co (1173.2 keV, 1332.5 keV), 1¥7Cs (661.66 keV),
132Eu (121.78 keV, 344.28 keV). Several source-detector
distances with linear geometry were measured. Then all
the parameters such as linearity of the energy scale, FWHMs
of selected photopeaks, stability of the peak centre posi-
tion, detection efficiency, detector dead time, etc. were ana-
lysed.

Analysed regions of interest as photopeak positions were
selected manually. The photopeak background correction
was performed automatically expecting its linear behaviour.
Data above the correction background line was further ana-
lysed. Presented method uses Gaussian function for peak
fitting by least square method built in LabVIEW™., The out-
puts of this function are centre of the Gaussian, area, ampli-
tude, standard deviation and residua.

Nuclear safeguards

318

After analysis of all relevant photopeaks, the detector
energy calibration is done by least square method with line-
ar or polynomial fit (the 2nd order). This calibration resulted
in average Gaussian centre positions (x-axis, channels) dis-
played in the accordance to energies (y-axis, keV). A cali-
bration lines and equations are calculated for both detectors.

Results have been evaluated and compared with the
results taken from commercial gamma-ray spectroscopy
systems MAESTRO® (ORTEC) and ProSpect® (Canberra)
calculated on the same data. Evaluations declared the
compliance of developed method, for some parameters a
better precision was reached. The developed application
can be used for a spectrometer testing, evaluation purposes
and for getting detailed description of the nuclear detec-
tion system.

ON-SITE GAMMA-SPECTROMETRIC ASSAY OF URANIUM AND THORIUM IN SUPPORT
OF SAFEGUARDS VERIFICATIONS AT BULK HANDLING FACILITIES
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Quantitative verification of nuclear material in bulk form
involves material net weight, element concentration and
isotope abundance determinations. The net weight is nor-
mally determined by inspectors during field activities, while
element concentration and isotopic abundance are deter-
mined either on-site or off-site. The off-site determination
aiming the highest analytical accuracy is performed using
destructive assay methods, which are normally executed
under well-controlled environment in the Nuclear Material
Laboratory of IAEA Safeguards Analytical Services. This
type of analysis aims at detecting so-called bias defect sce-
narios, where only a small fraction of the declared amount
of nuclear material is missing. Contrary to that, the on-site
determinations are performed by inspectors in the field,
mostly using non-destructive assay (NDA) methods. These
verification measurements address partial defect diversion
scenarios where some fraction of the declared amount of
nuclear material has been removed. It has been common
that NDA in-field measurements mostly addressed isotopic

abundance determination, while elemental concentrations
were assumed from chemical compound (for pure materi-
als) or taken from declaration (for scrap and impure materi-
als). To address this insufficiency, a portable gamma-spec-
trometric system for in-field measurements of uranium and
thorium concentration in different matrices has been devel-
oped. A sample of the verified powder or solution is meas-
ured in a fixed geometry, which has been pre-calibrated
using well-characterized reference material. A correction,
taking into account differences between the verified and
calibration samples (e.g. on the density and elemental com-
position), is calculated analytically or by Monte Carlo.
Non-equilibrium due to recent chemical separation of ana-
lyzed material is taken into account. The paper presents
the system components, including methodology and soft-
ware supporting evaluation of the measurement data, as
well as results of its recent field deployments at conver-
sion and fuel fabrication facilities.
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DEPTH PROFILE OF A HEATED RED BRICK FOR RETROSPECTIVE DOSIMETRY USING

THE SAAD-POSL METHOD
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The methodology for the application of retrospective do-
simetry using TL/OSL measurement of building materials
is now well established. Especially, the TL/OSL signal is
measured from quartz inclusions extracted from the build-
ing materials and the absorbed dose is mainly evaluated
using single aliquot regenerative dose (SAR) method. Un-
der the procedures, it has been demonstrated that it is feasi-
ble to routinely determine an absorbed dose to ~20 mGy in
typical bricks that are less than 50 years [1]. Recently, for
establishing a fast assessment method of accidental dose
using building materials as like heated red brick, roof tile,
ceramic tile, and toilet porcelain, SAAD-POSL method
with core-disc sampling was newly introduced [2, 3]. Using
this method, the reliability of the SAAD-POSL method was
proven for doses up to 7 Gy with a minimum detectable
dose as low as 10 mGy. Additionally, the calculation time
for the equivalent dose was about 2 h. These results indicat-
ed that the SAAD-POSL method is more effective than the
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conventional SAR-OSL method as a fast assessment meth-
od of the accidental dose. In this study, we first analysed the
TL/OSL characteristics after beta, X-ray and gamma irradi-
ation. Then we compared the depth profile of a heated red
brick between the SAAD-POSL method and the SAR-OSL
method with Cs-137 gamma irradiation. Finally the depth
profiles of a heated red brick after beta, X-ray and gamma
irradiation were evaluated, respectively.
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THE STUDY ON PORTABLE NEUTRON SOURCE PROTECTIVE EQUIPMENT OPTIMIZATION
FOR RADIOACTIVE WELL LOGGING FIELD WITH MCNP CODE
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The radioactive well logging method has the unique ad-
vantages in some aspects, and absolutely impossible be re-
placed by other geophysical logging technology. With the
wide application of nuclear logging and the development
of new generation compact logging equipment. In addi-
tion, the HSE management philosophies have paid suffi-
cient attention in many fields, and the nuclear well logging
in petroleum industry is no exception. Furthermore, radio-
active sources utilized in the logging tools usually have the
characteristic of highly mobility and transported cross the
world, and there should be a matching portable protective
equipment, which is specially designed.

In the present work, we develop a transferable neutron
source protective tank rather than the indoor ponderous
shielding facility by Monte Carlo simulation, using MCNP

code. Based on the two aspects of moderation and absorp-
tion of neutron transport process, the tank is divided into
two layers and filling with different shielding materials, re-
spectively. Firstly, moderating properties of various high
density metal are compared, the stuffing of inner layer is
selected, naturally. After optimizing filling material of
the inner layer by MCNP code, and then different hydro-
gen-rich, boron-containing materials for thermal neutron-
absorbent are examined. Finally, according to the IAEA ra-
diation protection standards, dimensional requirement and
material availability to determine the size of the protective
equipment. The study result shows that the new portable
neutron source protective tank is safe, portable and high
efficiency.
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DEVELOPMENT OF HIGH-DENSITY LEU DISPERSION TARGET AT KAERI
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KAERI has been developing dispersion commercial-
grade LEUAIx target to provide it to KiJang Research
Reactor(KJRR) for Mo99 production in Korea. Because it is
also necessary to develop high-density dispersion target
with low enriched uranium(LEU) in order to enhance M099
production efficiency, KAERI is focusing on developing
high-density dispersion target in parallel with developing
commercial-grade dispersion target.At last RRFM2015,
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KAERI proposed atomized metallic uranium powder and
UAlx powder to manufacture commercial-grade and high
density-density dispersion targets. For high-density disper-
sion target, KAERI is using two kinds of atomized powders
which are metallic U powder and U-10wt.% powder consist
of alpha uranium and UAI2 phases. In this paper, the results
of developing high-density dispersion target with using two
kinds of atomized powders will be presented.

GAS PHASE CONVERSION OF Sr, Mo, AND U(VI) COMPOUNDS IN NITRATING MEDIA

Sergey A. Kulyukhin*, Yurii M. Nevolin, Margarita P. Gorbacheva
IPCE RAS, Leninskii prospekt, 31-4, Moscow, Russia, *e-mail: kulyukhin@ipc.rssi.ru

Keywords: gas conversion, uranium, fission product, nitrous gases

The current plans calling for the transition to fast-neutron
reactors, as well as to reactors with a high fuel burn-up have
stimulated an active search of spent nuclear fuel (SNF) re-
processing techniques that would be alternative to the clas-
sical Purex process. One of the promising technologies of
short-cooled SNF reprocessing is voloxidation (volume ox-
idation) of both SNF and zircalloy fuel cladding, followed
by treatment of voloxidation products in the atmosphere of
NOx gases. Although the technology allows obtaining wa-
ter-soluble actinide salts, the behavior of fission elements
occurring in various chemical forms in NO, gas media re-
mains little-studied.

Our previous studies using U;04, MoO;, ZrO, and SrO
as an example showed that during their gas-phase conver-
sion in the atmosphere of (NO, + vapor H,0) or HNO, (va-
por), separation of U and fission products (Mo, Zr) could
take place possible. However, after voloxidation, U, Sr, and
Mo may occur in SNF as not only oxide phases, but also as
other compounds. According to literature data, U, Sr, and
Mo can be present in SNF as UO,Mo00,, SrUO,, and Sr-
MoO,. The aim of this work was to study the gas-phase con-
version of the above-mentioned compounds of U, Mo, and
Sr in nitrating media.

The compounds were synthesized using the techniques
described in literature. The phase composition of the ob-
tained products was studied using powder diffractometry,

which showed the following phase composition of the com-
pounds: (UO,),(OH),(M0O,),, SrUO,, and StMoO,.

The obtained compounds were kept for 1 to 12 d at room
temperature (20-25 °C) or at a temperature of 130 to 150 °C
for 3—5 h in the atmosphere of (NO, + vapor H,0) or HNO,
(vapor). The powder diffraction patterns of the resulting
compounds were obtained, and the solubility of the com-
pounds in water was measured. The U(VI) content in the
aqueous phase was measured using spectrophotometric
analysis, content of Sr and Mo — using ICP mass-spectro-
metric method.

According to the findings, gas-phase treatment of (UO,)
«(OH),(M00,), leads to formation of new phases. Uranium
partially converts to water-soluble compounds, whereas Mo
remains in the insoluble phase virtually fully. For SrtUO,,
a complete conversion of the compound takes place, with
both U and Sr taking insoluble forms. Gas treatment of
SrMoO, does not lead to the conversion of the compound,
and Sr and Mo remain insoluble. Thus, in contrast to U, Mo,
and Sr oxides, the gas-phase conversion of their com-
pounds in nitrating media does not allow carrying out a
complete separation of U from Mo.

Work is supported by Council about grants of the Presi-
dent of the Russian Federation for the state support of lead-
ing scientific schools of the Russian Federation (grant SS-
9628.2016.3).



170

RANC2016 + 10-15 April, 2016 * Budapest, Hungary

510

PRODUCTION OF *mT¢ BY IRRADIATION OF 100\ o TARGETS AT TR-19 CYCLOTRON
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The most used radioisotope in nuclear medicine is techne-
tium-99m. The availability of *"Tc became a worldwide
concern after the supply crisis of Mo starting in 2008. This
paper presents our results for an alternative route, cyclotron
based, of direct production of *"Tc, by irradiation of molyb-
denum targets. The irradiation experiments were performed
ata TR-19 cyclotron. The targets used to produce **"Tc must
withstand the temperatures generated by high-power irradi-
ation and must be maintained below the volatilization tem-
peratures of any molybdenum trioxide or technetium oxides
that may be generated. The targets must be resilient during
the irradiation process, yet, they must be easily post-pro-
cessed to separate the *™Tc. We used copper supports, in
which was pressed natural molybdenum "*Mo and en-
riched Mo respectively [1]. The targets were irradiated
for 1 hour with a proton beam of 15 MeV and 50 pA, obtain-
ing up to 6.6 GBq (decay corrected to EOB, Mo target).
After irradiation, the **"Tc was ultimately recovered as
sodium pertechnetate (Na*™TcO,). This was accomplished
by a chemical pre-processing step, followed by separa-
tions based on differences in physical and chemical prop-
erties of the components. *"Tc have been separated from
neutron-irradiated "1Mo by their different sublimation
temperatures. After dry distillation in oxygen flow, the
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PmTc activity was determined along the length of the
tube, the different active regions were recovered in NaOH
IM and the resulted solutions were analysed by gamma
spectrometry for radionuclide composition and by thin
layer chromatography to asses the radiochemical purity of
Na”™TcO,. The overall process yield was about 55% and the
presence of Mo was not detected in the purified solution.
Most of the radioactivity was recovered in the final solution,
while the radiochemical purity was higher than 95%.
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ACTIVATION CROSS-SECTIONS OF 3He-PARTICLE INDUCED NUCLEAR REACTIONS
ON "Ti UP TO 70 MeV: NEW DATA AND COMPILATION

Ferenc Szelecsenyi'®, Zoltan Kovacs!, Kotaro Nagatsu?, Ming-Rong Zhang’, Kazutosi Suzuki’

!Cyclotron Application Department, Institute for Nuclear Research of the Hungarian Academy of Sciences, ATOMKI, 18/c Bem tér,

H-4026 Debrecen, Hungary, *e-mail: szele@atomki.hu

2Molecular Imaging Center, National Institute of Radiological Sciences, NIRS, 4-9-1 Anagawa, Inage-ku, Chiba, Japan,

e-mail: nagatsu@nirs.go.jp

Keywords: *He-particle induced reactions, natural Ti target, excitation functions, monitor reactions

Well-measured excitation functions of "*Ti + 3He nuclear
processes have broad practical applications including
medical radioisotope production (*V (T,, = 15.976 d)),
SHe-beam intensity/energy monitoring, thin layer activation

etc. In spite of their importance, there are only a few works
in the literature which reports on cross sections for the
niTi(3He,x)*Cr, "Ti(*He,x)*V, "Ti(*He,x)*Sc, "*Ti(*He,x)*'Sc,
ntTi(3He,x)*™*¢Sc and "Ti(*He,x)*™Sc nuclear reactions.
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The aim of the present work was to provide new cross-sec-
tion values for the above reactions up to 70 MeV. (Only one
group reported data above 36 MeV.)

The excitation functions were measured using the stand-
ard stacked-foil method. Commercially available thin "Ti
foils were activated in four different irradiations, performed
with 3He-particle beams (70 and 42.6 MeV) of the AVF-930
isochronous cyclotron of NIRS, Chiba. Parts of the target
holder formed a Faraday-cup which was connected to a
current integrator in order to determine the charge collect-
ed during the irradiations. For ‘consistency check’, we
employed the well measured excitation function of the
nCu(3He,x)%Ga reaction. The radioactive decay of the re-
sidual nuclei in the activated samples was followed without
chemical separation using high-resolution off-line gam-
ma-ray spectroscopy. The results obtained from the analy-
sis of several clear gamma-lines originated from the same
radioisotope were averaged, if it was possible. Our new
cross-section values were also compared with the earlier re-
ported literature data as well as the evaluated theoretical
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predictions by means of the TALY'S code as compiled in the
TENDL-2014 library. The datasets showed good agreement
in the overlapping energy regions for all reactions. Our re-
sults revealed that although the status of the experimental
database of the " Ti(*He,x)*V nuclear process seems to be
useful even to prepare recommended excitation function
up to 70 MeV, the presence of the co-formed “*Cr and “8Sc
activities in the irradiated sample renders more difficult the
immediate use of this process for monitor purpose. (The
Cr (T,,, = 21.56 h) decays directly to the ground state of
48V via EC (100%) while the ¥*Sc (T,, = 1.821 d) has almost
the same strong gamma-lines (at 983.526 (Iy = 100.1%) and
1312.121 (Iy = 100.1%) keV) as the ¥*V.) Our calculations
suggest at least 300 h waiting time before starting the V
activity measurement for beam monitoring.

Based on the well measured nuclear properties and the
reliable cross-section database of the ™Ti(*He,x)*™Sc and
" Ti(*He,x)*Sc nuclear processes, we recommend them for
monitoring of *He-particle beams above 40 MeV.

ACTIVATION CROSS SECTIONS OF PROTON INDUCED NUCLEAR REACTIONS

ON PALLADIUM UP TO 80 MeV
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Activation cross sections of proton induced nuclear reac-
tions on palladium were measured up to 80 MeV by using
the stacked foil irradiation technique and gamma ray spec-
trometry. The beam intensity, the incident energy and the
energy degradation were controlled by a method based
on flux constancy via normalization to the excitation func-
tions of parallel measured monitor reactions. Excitation
functions for direct and cumulative cross-sections were

Prompt gamma activation analysis
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measured for the production of !04m1042105¢106m110mA o
IOO,IOIPd’ 99m,‘)9g,100,101m,101g,102m,102g,105Rh and 97,103Ru. The Cross
section data were compared with the theoretical predic-
tions of TENDL-2014 library. For practical applications
thick target yields were derived from the measured excita-
tion functions. Applications for production of some medi-
cally related radioisotopes (1**Ag, '*'Rh, '*Pd) and thin lay-
er activation ('Ag) are discussed.

THE IMPROVEMENT OF ELEMENTS DETECTION IN AQUEOUS SOLUTION USING

PGAA TECHNIQUE
Hei Dagian*, Jia Wenbao
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Because of the homogeneousness of destiny and composi-
tion, aqueous solution can be considered the best sample in
Prompt Gamma-ray Activation Analysis (PGAA) research.
A measurement platform based on PGAA technique, which
was built for elements detection research in aqueous solu-
tion, has been designed and assembled in the Institute of
Nuclear Analysis Techniques of NUAA (Nanjing University
of Aeronautics and Astronautics). And a series work have
been studied on this platform, including the optimization of
setups, MDC (minimum detectable concentration) studies
of interest elemental, non-liner fitting between character
peaks and concentrations, neutron self-shielding effect and
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internal standard method research. Furthermore, to avoid
the disadvantages of traditional approaches, as non-liner
problem and huge libraries requirement of LLS method,
a novel approach has been studied for the whole spectrum
analysis. This approach can be used to analyse the complex
spectrums, which was acquired by the poor resolution scin-
tillate detectors as large BGO or Nal. In this approach, the
non-liner issue has been turned into liner issue with some
immediately corrections and the full spectrum of single ele-
ment can be extracted. More effective information can be
used to improve the analytic level of PGAA by this novel
approach.

COMPLEMENTARY ANALYTICAL AND IMAGING METHODS IN THE INVESTIGATION

OF ARCHAEOLOGICAL METAL FINDINGS

Boglarka Maroti', LaszIo Szentmiklosi!, Zoltan Kis', Eszter Mitcsenkov-Horvath?, Eva Liptay’, Tamds Belgya’
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3Museum of Fine Arts, Budapest, Hungary
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Prompt-gamma activation analysis (PGAA) is a well appli-
cable tool in the archacometric metal analysis, because, in
contrast to the surface analytical methods, the obtained ele-
mental composition represents well the bulk phase. In the
present work, prompt-gamma measurements were made
on a valuable Egyptian sculpture, and as a complementary
method, neutron imaging was used, both at the NIPS-

NORMA station of the Budapest Neutron Centre. Local
elemental compositions were determined at different parts
of the object as shown in the middle figure. The presumably
iron-containing parts were analysed to confirm or disprove
its meteoritic origin, as well as the structure of the sculp-
ture was investigated.

Fig. 1. The photo of the Egyptian Goddess sculpture (left), the spots of the completed element analyses (middle).
Neutron imaging also helped to differentiate between different materials (right)

With PGAA, the bronze alloy of the statue was determined
to contain 86 wt% Cu and 14 wt% Sn. Based on the elemen-
tal composition and visual information, we concluded that
the bearing, the goddess, the monkeys and the hollow
mounts of the palms are all from the above material. The

different statuettes bear no traces of soldering or riveting,
thus they were probably made in one single casting process.
Considering the missing Ni and Co signatures we can state
that the palm stumps were made of non-meteoritic iron. The
distribution of the corrosion products was also visualized.
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THE MCNP SIMULATION OF A PGNAA SYSTEM AT TRR-1/M1
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The prompt gamma-ray neutron activation analysis system
(PGNAA) has been constructed and installed at a 6 inch di-
ameter neutron beam port of the Thai Research Reactor-1/
Modification 1 (TRR-1/M1) since 1989. It was designed for
the reactor operating power at 1.2 MW. The purpose of the
system is for an elemental and isotopic analytical. In 2016,
the PGNAA facility will be developed to reduce the leakage
and background of neutrons and gamma radiation at the
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sample and detector position. In this work, the designed
condition of these facilities is carried out based on the Mon-
te Carlo method using MCNPS5 computer code. The condi-
tions with different modification materials, thicknesses
and structure of the PGNAA facility, including gamma col-
limator and radiation shields of the detector, are simulated,
and then the optimal structure parameters with a signifi-
cantly improved performance of the facility are obtained.

HYPEGAM-P SOFTWARE FOR PROMPT GAMMA ACTIVATION ANALYSIS

Gwang Min Sun

Neutron Utilization Technology Division, Korea Atomic Energy Research Institute, 111, Daedeok-Daero, 989Beon-Gil, Yuseong-Gu, Daejeon,

Korea, e-mail: gmsun@kaeri.re.kr
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HYPERGAM has been developed as a generalized gam-
ma-ray spectrum analysis software since 2000 and its vari-
ant versions were also developed for various applications
like typical environmental gamma-ray analysis, neutron
activation analysis, fissile nuclear material analysis and so
on. HYPERGAM-P is one of the variant versions, which
is specialized for the application of prompt gamma activa-
tion analysis. It utilizes all the functions of HYPERGAM
itself and it also includes useful functions for prompt gam-
ma measurement and analysis. Data acquisition can be car-
ried out using MCBs from ORTEC or CANBERRA compa-
nies. The measured spectrum is analysed by choosing the
analytic method among absolute, relative and k, standardi-

zation methods. Efficiency and energy calibration proce-
dures for a broad energy range up to about 11 MeV are more
complex and more difficult comparing with those in a typi-
cal gamma-ray spectroscopy and instrumental neutron
activation analysis, whose calibration energy range is limit-
ed to less than 3 MeV. An automatic or manual efficiency
calibration routine for the voluminous PGAA samples is
possible. Sometimes a recalibration or modification tech-
nique of energy and efficiency using internal elements with-
in the sample is very convenient or necessary for users. The
user-friendly report with an easy and simple format is also
given.
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NUMERICAL SIMULATION ON SCINTILLATOR DETECTOR RESPONSE
FOR DETERMINING ELEMENT CONTENT IN PGNAA SYSTEM
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LaBr;(Ce) and BGO scintillators were often used for spectra
detection to determine element and mineral content in the
PGNAA system, and it is generally applied in the coal, min-
eral and oil exploration, etc. The crystal scintillator style,
size and energy resolution are critical factors for measur-
ing element content accuracy. The detector response char-
acteristics of LaBr,(Ce) and BGO scintillators were simu-
lated by using Monte Carlo method. In addition, the gamma
ray spectra of LaBr, and BGO scintillator induced by neu-
tron were obtained by establishing numerical models con-

Radiation chemistry
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sisting of different multi-element mineral condition, re-
spectively. When the formation rock has the lesser type of
element, the calculation results based on different scintilla-
tor is similar, and when it has the major type of element, the
spectral characteristics of each element in the gamma ray
overlap, influence obviously. The higher energy resolution,
LaBr; detector got the more accuracy result than that of
BGO detector. The result provides technical support for de-
signing PGNAA system and processing spectrum data to
determine element content.

ABOUT THE MECHANISM FOR PEROXYNITRITE FORMATION UNDER THE RADIOLYSIS

OF CRYSTALLINE INORGANIC NITRATES
Anan’ev V., Miklin M., Dyagileva E., Pak V.

Kemerovo State University, Russia, e-mail: eprlab@kemsu.ru

Among the many ways of a point defect formation in ionic
crystals with complex ions, with covalent structure of the
bonds, are its dissociation and isomerization. The efficiency
of the end-product formation via the former process may
depend on the free volume of crystal (V) when the initial
charge of complex ion localize on the fragment outside the
lattice site. In this case Coulomb interaction will lead to a
shift some of the charged fragments to lattice sites occupied
with uncharged fragments to result the recombination.
At the same time other part of the charged fragments will
be stable if they are in the interstitial. So, the increase of

the free volume results in the decrease of efficiency of
end-product formation.

The efficiency of the end-product formation does not
depend on the free volume of crystal if the initial charge of
complex ion localize on the fragment in the lattice site and
the reaction between genetically coupled fragments is for-
bidden. For example, the values of the initial radiation
chemical yield of the nitrite ion — G(NO,") in y-irradiated
alkali and alkaline earth nitrates [1, 2] are not depend on the
free volume (see Table I) because the reactions between
NO, and O ('P) is forbidden.

Table 1. GINO,") and G(ONOO") for y-irradiated alkali and alkaline earth nitrates

Nitratesalt | Sr(NO,), | NaNO, | Ba(NO,, | RbNO, CsNO, KNO, | Ca(NO,),x4H,0 | Mg(NO,),<4H,0
Vv, A 40 445 48 51.1 525 55 98 129
G(NO,) 0.56 021 2.08 0.61 1.61 1.57 1.04 1.83
G(ONOO") 0.014 0.60 0.040 035 0.65 0.14 0.08 0.01

If radiolysis product is formed by isomerization of complex
ion then the efficiency of its formation does not depend on
the free volume of crystal. As known, the peroxynitrite ion

(ONOO) is the product of the nitrate ion isomerization un-
der photolysis. The goal of the present paper is to study the
radiolysis of alkaline-earth nitrates to develop the mecha-
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nism of radiation induced peroxynitrite formation in ion-
ic-covalent crystals.

All nitrates used were analytical reagent grade. The crys-
tals were grown by slowly evaporating from the solutions.

The samples were irradiated with ©°Co y-rays at ~310 K.
The dose rate 0.16 Gy/s was measured with a Fricke dosim-
eter, assuming the radiation chemical yield of Fe’* to be
equal to 15.6 (100 eV)™'. The dose absorbed by the sample
was calculated using the mass energy absorption coeffi-
cients.

The method to determine the peroxynitrite concentra-
tion in the sample was described earlier [3].

The values of the initial radiation chemical yield of the
peroxynitrite — G(ONOO") in y-irradiated alkaline-earth ni-
trates are given in Table. Also given in Table is G(ONOO")
in y-irradiated alkali nitrates from the literature [4] for com-
parison. As seen, the dependence of G(ONOO") vs. free vol-
ume in all nitrates (except NaNO,) can be described by a
curve with maximum. We can assume that peroxynitrite is
formed as follows.
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The irradiation of crystalline nitrates results in the forma-
tion of the excited nitrate ions. Decay of such ions results in
NO in lattice site and O, outside it. Most of these fragments
recombine to result in the nitrate ion, if the free volume is
small. If the free volume large enough that rearrangement
of fragments occurs first, followed by recombination of
the fragments to result in the peroxynitrite ion formation.
The fragments are stable, if the free volume is large. In the
first and third case, the effectiveness of peroxynitrite forma-
tion is small.
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HYDROGEN PRODUCTION FROM THE RADIOLYSIS OF TODGA
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Investigation of the hydrogen produced by TODGA under
gamma and alpha radiolysis.
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N-isopropylacrylamide (NIPAM) polymer gel dosimeters
were employed to verify the dose distribution of clinical in-
tensity modulated radiation therapy (IMRT) treatment plan-
ning systems (TPS). Gel preparation was primarily based
on the formula proposed by Senden et al.; and 5% NIPAM
monomers, 5% gelatin, and 3% BIS were used. Finally,
5 mM of THPC was added to the solution to reduce oxygen
content and enhance sensitivity and reproducibility. The
gels were irradiated 0, 1, 2, 4, 5, 6, 8, and 10 Gy absorbed
doses respectively by a Clinac iX linear accelerator using

6MV X-ray. After polymerization had completed, an X-ray
computed tomography HiSpeed scanner was employed to
extract the sliced images of the gel. In the present study, five
irradiation field IMRT verification plans were created and
the irradiation angles were 100°, 135°, 165°, 210°, and
250°, respectively. To create these plans, we first extracted
the complete treatment plans of brain tumor patients from
the Eclipse'™ treatment planning system. Cylindrical acrylic
phantoms and MatriXX were then selected to simulate the
patients. MATLAB was used to analyze the sliced images
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and the results of the gamma tests (y-tests) were performed
on the treatment plan and the NIPAM gel dosimeters. The
results were then compared to those produced by the
MatriXX. To verify the IMRT dose, y-tests were performed
according to the gamma criteria of 3% and 3 mm. Results
indicated that the NIPAM gel achieved a 95.02% pass rate
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in the coronal section image and a 97.57% pass rate in the
axial section image. The pass rate produced by MatriXX
was 98.90%. The results confirmed the feasibility of using
NIPAM polymer gel dosimeters to verify clinical radiother-
apy doses.

THE RADIOLYSIS OF GLYCERALDEHYDE: IMPORTANCE IN CHEMICAL EVOLUTION
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In chemical evolution, the study of the chemical stability of
molecules that may have been present under the environ-
mental conditions that may exist on primitive Earth and that
exist in extra-terrestrial environments is crucial. This re-
search is focused on analysing the effect of high radiation
and mineral surfaces in the survival of racemic glyceralde-
hyde. Many theories have been proposed to explain the ori-
gin of chirality, but accurate physicochemical processes re-
main controversial. Recently, some these theories have been
re-examined experimentally. It is reasonable to consider the
participation of heterogeneous catalysts in the prevalence
of one enantiomer. In addition, these systems represent a
plausible geochemical scenario for possible glyceraldehyde
chiral separation.

The experimental part was divided into three groups:
(A) Adsorption of racemic glyceraldehyde in different min-
eral surfaces; (B) the study of the stability of the glyceralde-
hyde in high-radiation fields in aqueous solution, free or
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adsorbed on mineral surfaces; (C) Stability under irradiation
in the solid state.

The analytical tools used in this study involved UV spec-
troscopy, high-performance liquid chromatography (HPLC),
liquid chromatography-mass spectrometry and electron par-
amagnetic resonance (EPR).

The results show that this compound is very labile under
irradiation and forms a yet-unidentified compound, sug-
ar-like that has a higher absorption in UV, accompanied by
a hypochromic shift in peak absorption at 251 nm. This shift
increases with irradiation dose. A possible preliminary
explanation is that this maximum corresponds to the dihy-
droxyacetone tautomeric form of glyceraldehyde that po-
lymerizes under these conditions. Experiments conducted
with minerals, like Na-Montmorillonite, a type of Smectite
clay, produced similar results.

CONACYT-ANR 188689 grant supported this work.

USUAL AND UNUSUAL PATHWAYS OF OXIDATION AND REDUCTION

IN RADIATION CHEMISTRY
Mila D’Angelantonio
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e-mail: mila.dangelantonio@jisof.cnr.it
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Radiation chemistry offers a broad range of suitable reac-
tion pathways that include primarily oxidation and reduc-
tion of substrates.

Knowledge of (almost) every chance to induce these re-
actions can be very useful to researchers seeking the right
way to address radiation induced processes.

More than thirty years of research in the field allows a
collection of tips and tricks to get, in the most effective, the
reactivity that best suits the desired reaction. In the poster
will be shown some examples of reductions or oxidations
exploiting the multiplicity of radicals obtained in a selective
manner with pulse radiolysis and / or continuously. From
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the use of alcohols for obtaining specific reducing condi-
tions, to oxidations induced introducing easily removable
ions in organic moieties, to strong oxidation conditions for
the characterization of complexes to be used in the energy
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RADIOLYSIS OF AIR-WATER SYSTEMS
Ivan Kajan, Christian Ekberg

conversion, to the conversion of less selective radicals into
more addressed transient species.

This series of examples will perhaps be useful also to
open new horizons in the use of radiolitic techniques.

Department of Chemistry and Chemical Engineering, Nuclear Chemistry, Chalmers University of Technology, Kemivigen 4,

41296 Goteborg, Sweden

The interaction of radiation with oxygen-nitrogen systems
leads to the formation of several radiolysis species. The
most prominent ones are nitric and nitrous acid that will
effect the pH and thus also chemistry of water systems. This
will affect the chemistry in nuclear reactor wet wells or
burned fuel repository sites. The formation of radiolysis
products is represented by a radiolytic yield so called G-
value. The G-value represents a number of moles of particu-
lar compound formed or destroyed by absorbing one joule
of energy delivered by radiation.
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A set of experiments with the aim to determine the G-
value of nitric and nitrous acids in the air-water systems un-
der the gamma radiation was performed. The effect of the
air-water ratio, as well as the obtained dose was examined.
For the experiments the gamma source with a dose rate of
~8.5 kGy/h was utilized delivering the doses ranging from
8.5 kGy up to 180 kGy. As a result the effect of received
dose on the pH of water and as well the quantities of formed
nitric and nitrous acids were determined.

ENHANCING THE BIOLOGICAL DEGRADABILITY OF SULFAMETHOXAZOLE
BY IONIZING RADIATION TREATMENT IN AQUEOUS SOLUTION

Gyuri Sagi'*, Krisztina Kovacs!, Aniké Bezsenyi?, Evzsébet Takacs!, Laszlo Wojnarovits

'Radiation Chemistry Department, Institute for Energy Security and Environmental Safety, Centre for Energy Research, Hungarian Academy of
Sciences, Konkoly Thege Miklos ut 29-33, Budapest, Hungary, *e-mail: sagi.gyuri@energia.mta.hu
2South-Pest Wastewater Treatment Plant, Budapest, Hungary, e-mail: bezsenyia@fcsm.hu

Keywords: sulfonamide antibiotics, ionizing radiation, biodegradation, activated sludge, toxicity

Removal efficiency of persistent organic substances in
wastewater is mostly described by the rate of degradation.
In numerous studies complete removal of target molecules
have been reported, indicating a reasonable alternative for
the waste treatment. However, these studies often ignore
considerations of the inevitable questions of toxicity and bi-
odegradability of the resulting solutions. Although the high
removal rate is very important, but it does not necessarily
have to be privileged, since minor alteration of the chemical
structure may lead to considerable quality changes that im-
prove the degradation efficiency by conventional technolo-
gies. It has been shown that the treatment of persistent or-
ganic pollutants by ionizing radiation leads to changes in
chemical structure even at very low doses. Nevertheless,
very little is known about the biological effects of the treat-
ed solutions.

Preparatory to recent study, degradation of sulfonamide
antibiotics during ionizing radiation treatment was exam-
ined and general degradation mechanism was proposed
after applying a large variety of analytical techniques in or-
der to characterize the different stages of decomposition
[1, 2]. In the knowledge of the chemical background, this
presentation aims to introduce results obtained on sul-
famethoxazole irradiation treatment in the 0—10 kGy range,
in terms of crucial parameters mentioned in previous para-
graph. Biological degradability and inhibitory effects were
both investigated using municipal activated sludge. The bi-
odegradability in 0.1 mmol dm™ solutions was increased
with only 0.4 kGy and prolonged irradiation induced further
conversion to biologically treatable substances. At 2.5 kGy,
16% of the chemically oxidizable organic matter was de-
graded by biological processes. The total organic carbon
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content showed a decrease of only 15% at this point, thus
high degree of mineralization is not necessary to make the
initial molecule available for microorganisms. During the
process, formation of H,0, was observed that may decisive-
ly influence the biological processes due to its bactericidal
effect.

Radio- and nuclear analytical methods
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INNOVATION IN METROLOGY: FAST AUTOMATED RADIOCHEMICAL SEPARATION
AND MEASUREMENT FOR STRONTIUM 89 AND 90
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Measuring radioactivity in food and for radiological moni-
toring of the environment around nuclear facilities or min-
ing sites requires the quantification of the radionuclides
present in the different compartments (liquids or solids),
especially of the beta emitters.

Strontium 89 and 90 [1], both pure beta emitters are
radioactive isotopes of interest. Because of their toxicity
and the similarity of their chemical and physical behavior
with calcium, these elements may be found through the
food chain. After the Fukushima accident, the necessity
of quantifying quickly artificials radionuclides such as
strontium 89 and 90 appeared.

The technique developed by IRSN concerns the determi-
nation of the activity concentration of strontium 89 and 90
in water, according to the #Sr/°°Sr ratio. It consists of three
stages: the chemical separation by ionic chromatography
and the measurement of the activity concentration of stron-
tium 89 and 90 by Cerenkov Effect with a liquid scintilla-
tion counter (LSC) and/or mass spectrometry (ICP-MS).
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The results we want to present at RANC 2016 concern
the development of the chemical separation by ionic chro-
matography and the measurement of strontium by Cerenkov
Effect and by mass spectrometry. Studied parameters such
as the collection time, the test sample volume, the resin ca-
pacity, the quenching parameter, the addition of dioxide in-
troduced into the ICP-MS and the influence of 3Sr/*°Sr ratio
will be discussed. This technique has been tested with stand-
ard solutions and proficiency test samples.
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STRUCTURAL CHARACTERIZATION OF MAGIC POLYMER GEL DOSIMETERS UNDER

GAMMA IRRADIATIONS
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New, complex radiotherapy techniques require dosimeters
that are able to measure complex three-dimensional dose
distributions accurately and with good spatial resolution.

Polymer gel is an emerging dosimeter being applied to these
challenges. The 3D radiation dose distribution using these
gel dosimeters may be assessed by magnetic resonance im-
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aging MRI, optical-computerized tomography (optical-CT),
X-ray Tomodensitometry (CT-Scan) or ultrasound. As these
gel dosimeters are radiologically soft-tissue equivalent with
properties that may be modified depending on the environ-
mental and irradiation conditions and the technique of dose
assessment, it is important to determine their effects on the
dose response.

In this communication, we purpose to characterize the
modification induced by photon irradiation on the structure
of the MAGIC, normoxic gel polymer under different ex-
perimental conditions. The structural modifications induced
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by irradiation have been investigated using UV-Visible,
MEB, FTIR, HPLC techniques. Cobalt gamma rays have
first been used for these irradiations under reference condi-
tions at the Secondary Standard Dosimetry laboratory
(Algiers) in the dose range 0—12 Gy. The dosimetric charac-
teristics, its sensitivity and stability have also been deter-
mined using high energy X ray radiotherapy external beam
(6 and 18 MV) in the dose range 0—60 Gy, performed in
framework of feasibility study in order to introduce this
technique at anti cancer radiotherapy service at Blida hos-
pital.

DIRECT DETERMINATION OF Pb-210 AND RADIOSTRONTIUM FROM WATER SAMPLES
Carina Dirks'*, Aude Bombard', Steffen Happel', Jackie Pates’

ITrisKem International, France, *e-mail: cdirks@triskem.fr
?Lancaster Environmental Center, Lancaster University, UK

Extraction chromatographic resins based on crown-ethers
such as Sr and Pb Resin are often used for the separation
and determination of Pb-210 and radiostrontium in environ-
mental samples, including aqueous samples.

As these resins only show significant Pb and Sr reten-
tion at moderate to high acid concentrations they do not
allow for the direct loading of the analytes from water sam-
ples, accordingly pre-concentration steps such as ion ex-
change or co-precipitation have to be employed prior to
their use.

Two commercially available extraction chromatographic
resins (TK100& TK101 Resin) have been developed with
the aim of simplifying the determination of radiostrontium
and Pb-210 in aqueous samples by allowing direct loading
of the analytes from water samples at pH 2—8. Both resins
are based on a crown-ether with high selectivity for Sr and
Pb, however including HDEHP (TK100) or a short chained
ionic liquid (TK101) into its composition allows for extract-
ing Pb and Sr at a much wider range of pH values. Once
loaded onto the respective resin the analytes are purified on
and eluted from the same resin prior to their determination
by liquid scintillation counting (LSC) or gas proportional
counting (GPC).

It has been shown [1] that Sr can be separated from 250
mL (Rg, = 95.2% +/—2.5%, N = 3) — 500 mL (R, = 88.2%
+/—4.3%, N = 3) water samples (pH 7) with high yields us-
ing TK100 resin, even when employing sample load flow
rates of up to 10 mL/min. The TK101 Resin will at similar
flow rates retain Pb near quantitatively (R, > 95%) even
from water samples of up to 5 L; Pb can then be purified
and recovered in high chemical yield and purity [1].

In order to further facilitate the Pb-210 analysis in water
samples TK101 based discs were prepared, allowing for
Pb extraction and purification at even higher flow rates
(up to 100 mL.min™"). The intended use of these discs is the
determination of Pb-210 after its retention and purification
on the TK101 discs, followed by direct liquid scintillation
counting of the discs after transfer into a LSC vial and addi-
tion of a suitable LSC cocktail; thus significantly facilitat-
ing counting sample preparation. First results on the use of
these discs will be presented.
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TIME OPTIMIZATION OF **Sr MEASUREMENTS:

SEQUENTIAL MEASUREMENT OF MULTIPLE SAMPLES DURING DECAY OF 'Y
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When measuring ¥Sr and °°Sr, with possibly radioactive in-
terferences after e.g. a reactor incident, it becomes impor-
tant to ensure sufficient removal of interferences from the
sample. Previous studies have shown that without ade-
quate decontamination **Sr measurement on samples con-
taining radioactive nuclides associated with the fission
process will often be biased, due to the chemical similari-
ties to strontium. When short lived radionuclides are pres-
ent in the samples, one common practice is to separate the

446
SILVER MEASUREMENT IN PRIMARY WATER

Zsolt Kerner!, Eva Kovdcs-Széles?, Néra Vajda’

mother nuclide, *Sr, from *°Y. As a consequence, the Y
activity of the sample will decrease from the time of separa-
tion. This work presents an improved method for measur-
ing multiple samples sequentially during the decay of *°Y.
In a series of n samples the first sample will have the highest
relative ingrowth of *°Y. This implies that when the mini-
mum detectable activity (MDA) is set as constant, for the
entire series, the measuring time needed for each consecu-
tive sample will increase.
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1mA ¢ js a common radioactive contaminant in the primary
circuit of nuclear power plants. ""™Ag originates in fission
of uranium and activation process of natural silver also.
In case of hermetic fuel assemblies the last source can
contaminate the primary circuit. Activity concentration of
mA ¢ js measured and controlled in the water and on some
surfaces regularly. At the same time the inactive silver is
invisible for the operators because of the ultralow concen-
tration. For the understanding of silver transport process
and calculating balance it is essential to measure the con-
centration of natural silver also. A new analytical method
was developed for the separation and concentration of sil-
ver from primary water samples based on the extraction of
silver ions using (silver free) TrisKem International CL-
Resin. This resin has excellent distribution coefficient and

selectivity for silver. On the other hand it is not possible to
eluate linked silver quantitatively so acidic digestion, sepa-
ration from the supporting materials and organic residue is
necessary to get the concentrated sample. Yield is typically
above 80 percent. The silver content can be measured by
high sensitivity ICP-MS equipment. Detection limit of the
method is around 1-5 ng/L.

40 primary water samples of Paks NPP was analysed.
All samples was filtered to solution, colloid and particle
fraction. The fractions was processed separately. Silver con-
centration in the working reactors is very low (2—10 ng/L),
and much higher (100-300 ng/L) during the transients. Sil-
ver can be found in solute, colloidal and particle forms also.

Plant applied chemicals also was analysed by a similar
method. The silver content is negligible.
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X-RAY SPECTRA CALCULATION FOR INSPECTION OF SEMICONDUTOR
WITH DIFFERENT TARGET/FILTER COMBINATION USING MCNPX
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As is well known, X-ray is the most commonly used tech-
nique for inspection of semiconductor. However, excessive
radiation dose to the semiconductor may increase the prob-
ability of trouble of semiconductor. Therefore, unnecessary
exposure needs to be reduced. Generally, ray quality in the
radiation imaging is an important factor that determines the
amount of ray exposure, and they are affected by tube volt-
age and filter. A filter can reduce the dose received by the
semiconductor. In this study, we designed an X-ray tube for
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inspection of semiconductor with different target/filter com-
binations and calculated X-ray spectra using the MCNPX
(Monte Carlo n-particle extended) code. The target materi-
als used were W. Further, the filter was made from Mo, W
and Zr. The results confirmed that in the whole region, W/W
combination had the lowest flux value. It seems that if the
MCNPX code is used, time and cost can be reduced in the
development of target/filter combination for inspection of
semiconductor.

19 Au MOSSBAUER SPECTROSCOPY ON THIOL STABILIZED GOLD NANOPARTICLES
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197 Au Mossbauer spectroscopy can be used to determine the
actual oxidation state of gold. Thus, among others, this tech-
nique has successfully been applied to study complex mole-
cules, catalysts, etc. [1]. There is an in-beam Mossbauer fa-
cility under construction at the Centre of Energy Research,
which provides means for obtaining '’Au spectra [2]. As
one of the first applications, spectra were collected on gold
nanoparticles (GNPs) as well.

GNPs were prepared by transferring Au’* ions from
aqueous solution to organic phase (toluene) and reduced
with NaBH, in simultaneous presence of buthyldithiol.
GNPs were washed with ethanol and dried afterwards. The
product was studied with various methods (TEM, XRD,
thermogravimetry, Raman spectroscopy). Particles were
covered with monolayer of dithiol, their diameters fall into
the 1.3-3.9 nm range. Sulfur may play an important role
in stabilization of GNPs, as reported earlier [3]. In corre-
spondence, presence of various types of gold was revealed
in their Mdssbauer spectra. Namely, beside presence of me-
tallic gold in a significant fraction, gold atoms located on the
surface and Au(I) ions bonded to sulfur can also be distin-
guished (singlet and two doublets, respectively in the de-
composition of spectrum in Fig. I).

Transmission
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Fig. 1. '°7Au Mgssbauer spectrum of buthyldithiol stabilized
gold nanoparticles (with contributions of various gold species)
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INFLUENCE OF THE DECONTAMINATION OF A HIGH RADIOACTIVE SOLUTION
FROM CESIUM ON ANALYSES RELATIVE TO ITS MULTI-ELEMENTARY COMPOSITION
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The high rate of irradiation of certain samples is essentially
due to the presence of the '3’Cs. Removing selectively Cs
from these samples provides several advantages : 1) a weak-
er dilution to make possible the samples manipulation and
to carry out their analyses by techniques usually implanted
in glove boxes (ICP-AES, ICP-QMS, radiometry, etc.),
2) alower detection limit of analyzed elements, 3) a minimi-
zation of the Compton effect on gamma spectra.

The method of cations / Cs+ separation is very important.
It must lead to the highest possible cesium decontamina-
tion factor, the quantitative recovery of the other elements
and the lowest possible dilution factor of the sample. The
implemented method is extraction chromatography using
the AMP-PAN resin (ammonium molybdophosphate em-
bedded in polyacrylnitrile). It consists in adding the sample,
firstly adjusted at a nitric acidity of 2M on a AMP-PAN col-
umn, then in adding a washing solution ([HNO,] = 2M).
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During these two stages, the cesium is expected to be re-
tained by the chromatographic support whereas the other
cations cross the column.

The efficiency of this method was tested by comparison
of analyses by gamma and alpha spectrometry, by X-ray
fluorescence and by ICP-AES realized with a sample, taken
in a storage tank of fissions products, before and after its
passage on an AMP-PAN column.

The results of analyses were very satisfactory. A strong
decontamination of the initial sample from '¥’Cs (FD>5.104)
and a quasi-quantitative recovery of the other analyzed el-
ements were observed. The gamma spectra showed in par-
ticular several radionuclides which were not quantified on the
initial sample and led to detection limits twenty times lower.

The description of the chromatographic cycle on AM-
PAN resin and all the analyses will be presented during
this talk.

APPLICATION OF NUCLEAR TECHNIQUE FOR THE CHARACTERISATION
OF TAEA CERTFIED REFERENCE MATERIALS FOR RADIONUCLIDES IN MARINE SAMPLES

Mai Khanh Pham* Arend Victor Harm, lolanda Osvath
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Keywords: nuclear technique, reference material, marine environment, radionuclides, quality control, quality assurance

Accurate and precise determination of radionuclide activity
concentrations in marine samples is important for marine
radioactivity assessments and for the use of radionuclides
in the study of oceanographic processes. To address the
problem of data quality, the IAEA’s Environment Labora-
tories (IAEA-EL) in Monaco have conducted inter-labora-
tory comparison exercises (and later the characterisation) on
radionuclides in marine samples for almost fifty years as
part of their contribution to the IAEA’s programme of Ana-
lytical Quality Control Service (AQCS), currently named as
“IAEA’s Reference Products for Science and Trade” (Povi-
nec and Pham, 2001; Sanchez-Cabeza et al., 2008).

The IAEA’s Reference Products for Science and Trade
programme for radionuclides in the marine environment
has recently focused on the production of Certified Refer-

ence Materials (CRMs) (ISO 35) with the aim to improve
the accuracy and precision of analyses carried out by the
laboratories and thus the quality of data, and to provide
traceability to SI standards. At present the characterisation
of CRMs is being upgraded with accreditation following
ISO 35, ISO 34 and ISO/IEC 17025. An important part of
this activity was the production of CRMs using different nu-
clear techniques for the determination radionuclides in dif-
ferent matrices of marine samples.

An overview and comparative assessment of the nuclear
analytical techniques used (y-spectrometry, a-spectrometry,
B-counting and/or mass spectrometry such as ICP-MS and
AMS) for the characterisation of CRMs for radionuclides
in support of marine environmental studies is presented.
CRMs are in consequence, valuable standards for method
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development and validation: they can indicate the need to
improve or change existing methods and/or the need of fur-
ther training.
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One of the most important separation techniques in radi-
ochemical procedures is solvent extraction. In the last dec-
ade, a growing interest in its use in microsystems with mul-
tiphase micro-flows has emerged because such systems
allow a good control of the interface area between aqueous
and organic phases as well as of the contact time of the two
phases. In order to design a microfluidic device for an ex-
traction process, it is necessary to have a deep understand-
ing of the fundamental mechanisms involved in fluid flow.
In this study, flow patterns of two aqueous-organic binary
systems in micro-channels are discussed, either for a liquid
anion exchanger (extraction of uranium in HCI by Aliquat
336%) or a neutral extractant (extraction of europium in
HNO, by the N,N’-dimethyl N,N’-dibutyl tetradecylmalon-
amide). As parallel flows between two phases always show
the same interface, the relative importance of this interface
as a mass transfer parameter could not be investigated.
Then, after a previous study of parallel flow [1, 2], our ob-
jective is to predict and compare the formation of segment-
ed flow for different geometries (T-junction, flow focusing,
co-flow). In droplet-based microsystems, internal circula-
tion stimulated within the droplets by their passage along
the channel is responsible for a large enhancement in the

interfacial mass transfer and reaction rate. Therefore, an im-
provement in liquid-liquid extraction yield might be expected.

Thanks to Navier-Stokes equations, using Computa-
tional Fluid Dynamics (CFD) models, we determined the
influence of viscosity, dimensional parameters and operat-
ing conditions on flow patterns. The size of droplets and
their generation rate were shown to be key parameters for
liquid-liquid extraction optimization. Microsystems design
was therefore investigated in order to determine the oper-
ating conditions to control the size and frequency of the
droplets.
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First results obtained with PIXE/PIGE beam line installed
at the Bratislava CENTA tandem accelerator facility are re-
sented. The PIXE/PIGE reaction chamber is equipped
with a vertically movable sample holder for positioning of
up to 8 samples depending on their dimensions. The holder
is capable of rotation around its vertical axis to adjust the
angle how the incident beam should hit the sample. The
“He ion beam has been used for the PIXE analysis because
of its better detection limits when compared with protons
of the same energy and beam intensity. For detection of pro-
duced X-rays, the CANBERRA Broad Energy Germanium
detector has been used, covering the energy range from

3 keV to 3 MeV. Optimizations of the helium beam from the
Alphatross ion source through the injection beam line, the
Pelletron tandem accelerator, the high-energy analyzer and
the PIXE/PIXE beam line were carried out. First measure-
ments with *He ions of 3.5 MeV energy included calibration
runs with standards, as well as analyses of old coins from
the previous Slovak State and from the Austro-Hungarian
Empire. Further measurements included analyses of ex-
posed nitrocellulose filters for atmospheric aerosols, previ-
ously used for analyses of radionuclides in the Bratislava
air, as well as analyses of iron and stony meteorites.
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LIQUID SCINTILLATION COUNTING METHODLOGY FOR *Tc ANALSYIS

IN VARIOUS AQUEOUS MATRICES
Mumtaz Khan', Wooyong Um!' 2
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Current work presents a unique and new approach for liquid
scintillation counting (LSC) analysis of single-radionuclide
samples containing appreciable organic or inorganic quench
for deionized water, tap water, groundwater, seawater, and
urine samples. Analytical parameters were measured in the
presence of various quench impurities including 1.9 to
11,900 ppm dissolved solids and nitromethane using liquid
scintillation counter. Counting efficiency was found to be
91.66% for Ultima Gold LLT (ULG-LLT) and Ultima Gold

(ULG). Relative error in spiked *¢Tc samples was +3.98%
in ULG and ULG-LLT cocktails. Minimum detectable
activity was determined to be 25.3 mBq and 22.7 mBq for
ULG-LLT and ULG cocktails, respectively. A pre-concen-
tration factor of 1000 was achieved at 100 °C for 100%
chemical recovery. Current method facilitates to select
cocktail according to matrices chemistry of the *¢Tc sam-
ple. The method has more sensitivity than previous reports
and a range of matrices can be analysed.
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ACTIVITY DETERMINATION OF URANIUM AND PLUTONIUM ISOTOPES
IN SOIL AND CONCRETE SAMPLES USING ALKALI FUSION AND EXTRACTION

CHROMATOGRAPHY PROCESS

Jong-Myoung Lim*, Hyuncheol Kim, Yoon-Hee Jung, Ji-Young Park, Kun-Ho Chung,

Mun-Ja Kang, Geun-Sik Choi

Environmental Radioactivity Assessment Team, Korea Atomic Energy Research Institute, 111, Daedeok-daero 989, Yuseong, Daejeon,

305-353, Korea, *e-mail: jmlim@kaeri.re.kr
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Actinide (e.g., plutonium and uranium) in the environment
are known to have a relatively high toxicity. Thus these
nuclides have been a focus of interest not only in environ-
mental studies for the origin of the nuclear materials, but
also in waste management field from nuclear power plants.
Moreover, the isotopic composition of actinides (Pu and U)
provides the source information of nuclear and radiologi-
cal materials used during illegal activities. For emergency
preparedness for nuclear accidents, as an attempt to reduce
the social costs and apprehension arising from radioactivity
in the environment, an accurate and rapid assessment of ac-
tinide radionuclide deposition levels or contamination is
highly desirable. Thus a rapid and accurate analytical
method that can be used to evaluate the radioactivity of ac-
tinides (e.g., 2%U, 2*°U, 2*°Pu, and >*°Pu) should be devel-
oped and validated.

While a-spectrometry has a prominent measurement
capability at a very low activity level of 238U, 233U, 2**Pu, and
240Py, it has a major disadvantage of a long counting time
for the determination of a-nuclide activity, and cannot sepa-
rate Pu nuclides. Contrary to the a-spectrometry method,
a measurement technique using ICP-MS with an advanced
sample introduction and mass counting system allows radio-
activity in many samples to be measured with a short time

494

period with a high degree of accuracy and precision. Both
methods also encounter the most significant difficulties dur-
ing pretreatment (e.g., purification, speciation, and dilution/
enrichment). Since the pretreatment process consequently
plays an important role in the measurement uncertainty,
a method of development and validation should be per-
formed.

In this study, a rapid digestion and separation method
for U and Pu radionuclides was developed in soil and con-
crete matrix samples. The soil samples were digested using
LiBO, fusion and the target nuclides were extracted sequen-
tially through Fe(OH), and LaF, co-precipitation. In addi-
tion, U and Pu nuclides were separated and concentrated
using TEVA and UTEVA resin. Finally, the mass concentra-
tions of U and Pu isotopes were determined using sec-
tor-field ICP-MS system with an APEX nebulizer. For an
evaluation of the accuracy and precision of evaluated
method, various reference materials (RMs) from IAEA
and NIST were analyzed. Based on the analytical results,
one may draw conclusions that the evaluated method for
actinides using alkali-fusion, LaF, co-precipitation, the ex-
traction chromatography process, and ICP-MS measure-
ments is fast and fairly reliable owing to its recovering effi-
ciencies.

LOW-LEVEL GAMMA RAY SPECTROMETRY FOR THE DETERMINATION OF 2'°Pb

Nikola Markovic¢*, Per Roos, Sven Poul Nielsen

Center for Nuclear Technologies, Radioecology Department, Technical University of Denmark, Roskilde, Denmark, *e-mail: nikmar@dtu.dk

Keywords: gamma spectrometry, environmental, lead-210, beta counting, ICP-MS

A recently installed well HPGe gamma spectrometer at
DTU Nutech specially designed for the low-level measure-
ments was used for the 2!°Pb determination in environmen-
tal samples. We describe installation and calibration of
the well HPGe spectrometer along with the optimization of
the Nal crystal used as Compton anticoincidence shield.

The system is compared to planar HPGe spectrometer. The
choice between high efficiency well and planar detectors as
well as optimum sample size depending on the available
sample quantity are discussed. Besides gamma spectrome-
try, beta counting (GM and LSC) and mass spectrometry
(ICP-MS) were also used for the determination of 2!°Pb.
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Beta counting in general gives better detection limits at
the cost of more complicated and time consuming sample
preparation and the expanded uncertainty due to lack of

108

suitable radioisotope yield determinants, while ICP-MS en-
ables rapid determination but with substantial interference
problems in mass spectra.

COMPARISON OF DIFFERENT METHODS USED FOR DETERMINATION

OF AMERICIUM IN URINE
Péter Rell, Szabolcs Osvath, Julia Kovendiné Konyi

National Public Health Center, National Research Directorate for Radiobiology and Radiohygiene, Anna utca 5, 1221 Budapest, Hungary,

e-mails: peter.rell@osski.hu, szabolcs.osvath@osski.hu, konyi@osski.hu

Keywords: americium, urine, gamma-spectrometry, alpha-spectrometry

After an incident lot of human urine samples were taken
and analysed in our laboratory in 2014 and 2015. The sam-
ples can be categorized in two main groups: usual urine
samples and urine samples taken after DTPA treatment of
persons. In this poster the methods and procedures used
for determination of activity concentration of 2! Am in these
urine samples are discussed in details.

The simplest method is gamma-spectrometry. 2! Am has
a low energy gamma photon at 59.5 keV, which (among
other, even lower energy gamma photons) can be easily de-
tected using n-type high purity germanium detectors. Spe-
cial sample preparation is not needed. The minimum detect-
able activity concentration (MDA) is around 1 Bg/L (using
a 900 mL Marinelli beaker and 80,000 s measuring time).
In spite of the simplicity of this technique, some processes
occurred that could make the detection difficult. For exam-
ple black precipitate could be formed and settled during
measurement (especially in DTPA treated person’s urine).
Am could be adsorbed on this precipitate (although samples
were acidified according to literature), so detection geome-
try was changed leading to false results.

The other technique to determine *! Am in urine samples
is alpha-spectrometry with a lower MDA (approximately
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1 mBg/L, if 1 L sample was processed and 300,000 s meas-
uring time was used). Complex sample preparation proce-
dure (consuming 6—8 days/sample) is needed for alpha-
spectrometry. A well-known validated separation procedure
was used, containing addition of tracer, destruction of sam-
ple, adjustment of oxidation states, separation on 3 chroma-
tographic columns and LaF; micro co-precipitation. (Two
columns were filled with anion exchange resin and the last
one was filled with TRU Resin.)

Time is the most important factor in accidental situa-
tions, so another procedure with lower time consumption
was tested. Lengthy destruction and the anion exchange
chromatography steps were substituted by co-precipitation
with Ca,(PO,),. Using this method, ca. 4 days can be saved.
Comparing the two methods it can be concluded that there
are no significant differences in the obtained results and in
the method characteristics (for example their chemical
yields are approximately 70-80%).

Some samples were processed using other techniques as
well, for example a newly developed radioanalytical meth-
od of RadAnal Ltd. was also tested to separate Am before
alpha-spectrometry. Results taken by different methods
were in acceptable agreement.

RAPID METHOD FOR THE DETERMINATION OF Am, Pu AND U IN URINE SAMPLES

M. Zagyvai', N. Vajda®, J. Groska®, P. Szeredy?

"Energy Research Institute of Hungarian Academy of Sciences, Hungary

2RADANAL Ltd., Hungary

Rapid determination of actinides in urine is of major con-
cern in controlling internal doses of radiation workers. Our
purpose was to develop a simple and fast procedure for the
separation of actinides from urine samples followed by
a-spectrometryic determination.

DGA resin was selected as a selective extraction chroma-
tographic material for the separation of U, Th, Pu and Am
due to the extremely high distribution coefficients. DGA
resin® is the registered trade name of the resin that contains
N,N,N’,N’-tetra-n-octyldiglycolamine on an inert support [1].
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(It is commercially available from Triskem International.)
A method developed for the analysis of actinides in radioac-
tive wastes [2] was adopted for urine analysis. The tedious
digestion and preconcentration steps before DGA resin sep-
aration were omitted, and urine samples acidified with HCI
to 4M were loaded directly on to a DGA column. a-sources
of different actinides were prepared by coprecipitation
with NdF, Measurements were performed by alpha spec-
trometry using Si a-detector. In order to optimize the elution
sequence model experiments with single actinide tracers
were performed by LSC measurements.

Am, Pu and U were separated with acceptable high re-
coveries (>50%) and decontamination factors. The Am, Pu
and U content of 100-200 mL urine samples were deter-
mined within 24 hours with detection limits as low as 0.1

Bg/L. It was realised that high carbamide content can affect
actinide separation deleterously. The effect of carbamide
was investigated with “C-spiked carbamide.
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About five years since an accident of the TEPCO’s Fuku-
shima Daiichi Nuclear Power Station have passed. Radio-
caesium activities in seawater and plankton net samples
collected off Fukushima have been monitored from 2012
to 2015. The radiocaesium activities in seawater in the
coastal area (less than the depth of 100m) were gradually
decreased from over 100 mBg/L to less than 10 mBq/L near
the coastal area, although these in the offshore area have
observed the same levels as before the accident. The radio-
caesium activities were ranged from 1 Bg/kg-wet to over
100 Bg/kg-wet in the plankton net samples collected in the
coastal area in autumn 2012, and these were higher than
these in 2013-2015. Marked decrease of radiocaesium ac-
tivities was not observed in the plankton net samples in this
period, and no significant influence from the accident was
observed in the coastal area samples collected off Fuku-
shima in 2015. The apparent concentration ratios (CR)-Cs
were estimated using the obtained activities of radiocaesi-

um in seawater and the plankton net samples and they
ranged from 34 to 9,400, and their geomean was 420 (n =
52). Sediment-seawater distribution coefficients Kd (L/kg)
were observed to be from 1,900 to 25,000 in the same area
in 2013. The estimated CR-Cs of plankton in 2012-2015
was 10-70 times higher than in 2005-2006. For CR-Cs val-
ues, it is necessary to consider the influence by the sedi-
ment and suspended particles in seawater than the plank-
ton, as plankton net samples contain not only plankton but
also caesium-rich particulate matter and sediment in the
coastal area.
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POLONIUM 21Po IN SWEAT SAMPLES OF NORTHERN POLAND
Alicja Borylo, Grzegorz Romarnczyk, Bogdan Skwarzec, Dagmara Struminska-Parulska
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This paper presents the results of the determination of polo-
nium 2'°Po in samples of sweat. Analyzed samples were
taken from Gdansk agglomeration volunteers (northern
Poland). The volunteers were subdivided in classes of males
and females, cigarette smokers and non-smokers and life-
style differences were taken into account. The results show
that the all obtained results of 2!°Po concentration in sweat
samples were between 0.65+0.02 mBqxg™! and 6.29+0.20
mBqgxg! (with the average value 3.05+0.13 mBqgxg™). The
differences between women and man were not observed
(the average value is 2.97+0.14 mBqxg! and 3.13+0.13
mBqxg!, respectively). The slightly higher 21°Po concentra-
tion was observed in smoker class (5.35+0.20 mBqgxg™)
than non-smoker class (1.98+0.10 mBgxg™). There were no
significant difference between the average values of 2!°Po
in classes of people eating one or more fish per week than
people non eating fish per week. The average ?'°Po concen-

456

tration was 2.66+0.13 mBq-g™! and 1.35+0.07 mBq-g! re-
spectively for both analyzed groups. Levels of 2!°Po activity
in normal human body may differ from one person to an-
other depending upon the mode life as diet habits, origin of
drinking water, residence place which effects radon expo-
sure rate and also smoking habits. The method used in this
study presents a high accuracy, reproducibility and sensitiv-
ity. The data obtained were statistically processed by using
the #-test or ANOVA for determining whether observed dif-
ferences invariables among analyzed groups are statistical
significant. The presented data show that statistical signifi-
cant differences was observed for smoker class.

Acknowledgement

The authors would like to thank the Ministry of Science and
Higher Education for the financial support under grant
DS/530-8630-D505-16.

NATURAL RADIONUCLIDES IN RIVER WATERS IN THE CENTRE OF PORTUGAL
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Analyses of the main alpha emitters of uranium series were
performed in the surface waters of river Mondego and
tributaries, the main river system of the centre north of
Portugal, in July 2014. This region is an old uranium pro-
ducing province with legacy uranium mines and milling
tailings, many not yet properly decommissioned. Results of
analyses indicated very high radionuclide concentrations
in acid mine waters and in water and sediments of some
streams contaminated by mine discharges. For example,
untreated mine water from Quinta do Bispo mine contained
25770£1190 mBg/L of dissolved 238U and 1460+70 mBq/L
of dissolved 226Ra. Water and sediments of Mondego
River displayed enhanced levels of radionuclides near the

discharges of tributary streams. However, due to strong di-
lution in the Mondego River the water in the artificial lake
of Aguieira displayed 35+1 mBq/L of 238U and 4548
mBgq/L of 226Ra, and this water was potable from the radi-
ation point of view. Nevertheless, uncovered waste heaps
and mine drainage from uranium legacy areas in the catch-
ment are a threat to water quality. Environmental protection
measures are discussed. On one hand enhanced environ-
mental remediation of abandoned mine areas is needed and,
on the other hand, water supplying companies shall imple-
ment periodic radioactivity monitoring of water quality as
prescribed in the EU water directive.
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Radium production in Portugal started in 1908 and mining
of radioactive ores for radium and uranium production
continued until 2001. One of early radium producing mines
was located at the rural village of Reboleiro (Trancoso),
Centre-North of Portugal, and ceased activity by 1926. No
clean-up of the site was made and, over the years the village
expanded around the mine site. Recently, the measurement
of ambient radiation doses and analysis of materials in
waste heaps, soils and horticultural products were carried
out to assess radiological risks for the population. Ambient
radiation dose rates in the area rise from regional back-
ground values around 0.30 pSv/h to 0.5-2.5 in the old mine
area with a maximum of 4.1 uSv/h on top of waste heaps.
Analyses of radionuclides in materials from waste heaps
were much higher for 238U (29470+1420 Bqg/kg) and 230Th
(23520+1590 Bg/kg) than for 226Ra (13180+620 Bg/kg),
confirming that this mine produced radium but was not
exploited for uranium. Radionuclide analyses in soils from
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URANIUM IN THE KOREAN GROUNDWATER

horticultural plots in the neighbourhood showed an increase
of radioactivity compared with other soils from the area
Radionuclide activity concentration ratios 226Ra/238U in
waste heap materials was 0.45 and in soils nearby was 75,
indicating that contamination of adjacent soils occurred
especially with radium dissolved in rainwater and transport-
ed by surface runoff. Horticultural products from the mine
area showed enhancement of radionuclide concentrations in
comparison with other products from surroundings of the
village area. Measurements of radon outdoors in houses
near the mine site averaged 70 Bg/m3, but indoors was
higher, in some houses above 1000 Bq/m3 and in one house
averaged 12000 Bg/m3. Materials from mining waste might
have been reused in house construction in the early 20™ cen-
tury. Full survey of this legacy site is recommended and
cleanup and remediation seems needed to ensure radiation
protection of the population.
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Uranium is the most ubiquitous element among naturally
occurring radioactive materials (NORMs) in environmental
system because of its abundance in the Earth crust and long
half-life (z,, = 4.5x10° years). Although the specific radio-
activity of natural uranium in groundwater is extremely low,
chronic exposure results in kidney problems and potential
toxicity in bones. This study was conducted on a nationwide

scale for 9 years through 2006-2014 to determine the spatial
distribution of uranium in groundwater, and to evaluate ge-
ological relationship with uranium occurrence. The higher
uranium concentrations than the WHO guideline value of 30
mg L for drinking water were found in the midland of
South Korea (i.e., Chungcheong, Gyonggi, and Gangwon
Province). The bedrock geology of the central regions main-
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ly comprises plutonic and metamorphic rocks. Granite,
granitic gneiss and black shales could act as source rocks for
the uranium component in the groundwater system. The
Spearman’s correlation coefficients showed moderate rela-
tionship between the uranium and other ions of F, Na, Ca,
HCO,, and SO, in the plutonic and metamorphic regions.
Also, the groundwater chemistry indicated that Ca-HCO,
and (Na,K)-HCO; were predominant types for the investi-
gated groundwater samples. These results suggested that the
uranium component may be associated with dissolution of
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secondary minerals such as feldspar, gypsum, and micas
into groundwater. Estimated aqueous species of uranium are
uranyl carbonate complexes under neutral and oxidizing
conditions as a typical groundwater circumstance in Korea.
In particular, the calcium contents facilitates the formation
of calcium-uranyl carbonate complexes that increase the
uranium mobility in the groundwater environments. There-
fore, the uranium contents in groundwater must be continu-
ously monitored and properly reduced for the drinking pur-
pose, especially, at the midland of Korea.

LEVELS OF CESIUM ISOTOPES CONTAMINATION AND THEIR POSSIBLY ORIGINS
IN LICHENS AND MOSSES FROM WESTERN ARCTIC
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The presence of radioactive elements is related to both the
natural processes and human activity. The result of human
activity is raising the level of natural radioactivity and the
introduction of new, artificially produced radioisotopes,
such as: Sr-90, Cs-134, Cs-137, Pu isotopes, Am-241, etc.
Investigations of organisms such as lichens or mosses can
provide a lot of valuable information about these contami-
nants. They are widely used as biological indicators of envi-
ronmental pollution.

Samples of lichens and mosses were collected during two
scientific expedition in 2012 and 2013. Study area include
the vast Arctic region: West Greenland, islands and peninsu-
las along the sea route connecting the Atlantic Ocean with
the Pacific Ocean, known as the Northwest Passage, coastal
zone of Labrador and Newfounland, Canada.

The main aim of this study is estimation the level of ac-
tivity concentration of Cs-134, and Cs-137 and identifica-
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tion of potential sources of these contaminants. Samples
were measured using high resolution low-background gam-
ma spectroscopes with HPGe detectors. In order to deter-
mine activity concentration of Cs-134 and Cs-137 there
were made necessary calibration measurements too. The
obtained activity concentrations of Cs-137 range from 11.0+
2.2 to 145.1+£12.3 Bg/kg. In the case of Cs-134 results are
much lower, reaching only a few Bq/kg.

There have been shown the presence of anthropogenic
radionuclides pollution deriving from global fallout in ter-
restrial environment in considered area of the Arctic. Addi-
tional sources of investigated contamination could be:
Satellite Kosmos 954 crash over the Great Slave Lake in
Northern Canada (1978), the Chernobyl fallout (1986) and
nuclear power plant disaster in Fukushima (2011). In par-
ticular, contribution of Fukushima fallout can be evidenced
by traces of Cs-134.

EXPERIMENTAL STUDY FOR THE RELEASE OF RADIUM ISOTOPES INTO SALINE WATER

N. Dietrich*, D. Degering
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Highly saline fluids as e.g. produced by geothermal plants
show very low solubility for all Uranium and Thorium iso-
topes, but enhanced levels of some 10 Bq-1-! for the unsup-

ported Radium isotopes ?*°Ra (half life 1600 y), ***Ra (5.75 y)
and ?**Ra (3.63 d) [1]. Especially the occurrence of ?**Ra
indicates that — in contrast to ?>°Ra and ??’Ra — only a short
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time period elapsed since the radionuclide release. There-
fore, the Radium concentration must be the result of a pres-
ently ongoing process.

Processes leading to a radionuclide release are physico-
chemical (sorption, dissolution, ...) and nuclear processes
(alpha-recoil). The interaction processes take place be-
tween three phases: mineral grains, active surface layer and
fluid. While sorption and solution processes are related
only to the liquid—solid boundary layer, the alpha-recoil
also takes place in mineral grains [2] and was suggested
as ongoing process that permanently supplies Radium iso-
topes [1]. Physicochemical processes are specific for the
element Radium, but alpha-recoil is specific for each iso-
tope and the release depends on the half-life of the Radium
isotope currently viewed.

The investigation of Radium release from solid surfac-
es into water is aim of this work. An experimental ap-
proach was developed using the isotope ratios ?**Ra/?*!Ra,
224Ra/*%Ra and *?!Ra/??**Ra to quantify the ratio of physico-
chemical processes and alpha-recoil. The effect of varying
contact time between solid and fluid was investigated in
experimental series. A kaolin sample is used as model solid,
because of its high specific surface area (17 m?-g') and
sufficient specific activities for ??®Ra (107 Bq-kg™) and
226Ra (131 Bq-kg™), and a Na-Ca-Cl solution (110 g-1") as
fluid (solid/fluid-ratio 1:4).

In kaolin the 238U- and ?**Th-decay chains are in radioac-
tive equilibrium, i.e. particularly the isotopes ?*Ra and ?>*Ra
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have the same specific activity. Thus the release of ?Ra due
to physicochemical processes should reach the same ac-
tivity concentration as 2?Ra, while the 22*Ra/***Ra-ratio
should remain constant. The observed increase of 2**Ra
activity in solution as well as **Ra/**®Ra- and ?**Ra/**Ra-
ratio with contact time is in contrast to constant 2¢?2Ra
concentrations and 2*®Ra/?*Ra-ratio, but in agreement with
the model of predominating alpha recoil in Radium iso-
tope release. The release of ?®Ra and ??°Ra is only due to
physicochemical processes, because of short contact times
compared to the half-life of these isotopes. The extended
release of 2*Ra is due to alpha recoil. In our experiments the
ratio of physicochemical processes and alpha-recoil after
reaching equilibrium is 2/3.

The effect of varying salinity and specific surface area on
Radium release is part of further experimental series.
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Recently the accurate determination of thoron concentra-
tion came to the fore. During long-term surveys solid-state
nuclear track detectors (SSNTDs) are commonly used.
For the application of these integral devices it is impor-
tant to solve that calibration. A thoron calibration chamber
has been developed at the Institute of Radiochemistry and
Radioecology at University of Pannonia (RRI) recently;
however, examinations performed until now showed that
its development is necessary for the more accurate opera-
tion. Development of a method for the preparation of a

“radon-free” (with low Ra-226 content) thoron source with
high emanation capability is an important task of the im-
provement. During this work techniques capable for thoron
source preparation found in the literature were tested, such
as preparation of ceramic sources contain thorium nitrate
in natural composition, preparation of thorium containing
gas mantle based thoron sources and preparation of thoron
sources after chemical separation of Ac-228. Based on the
results a proposal is given for the optimal method for thoron
source preparation and its parameters.
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Radon exposure assessment was based on estimated levels
of the effective radiation dose that could be received by an-
yone staying inside underground geodynamic laboratory of
Space Research Centre in Ksigz for a particular period of
time (hour, day, year). Effective radioactive doses were de-
fined in compliance with UNSCEAR guidelines based on
values of 22Rn activity concentration measured during one
year between half of May 2014 and half of May 2015 in the
air of the studied space, the ratio of the number of conver-
sion emitted per unit time (adopted the value of 0.00000017
mSv/Bq-h/m?), exposure time (8 hour a day during 52
weeks) and coefficient of radioactive equilibrium between
222Rn and its short—lived progeny (adopted the value of 0.4).
The radon measurements had been performed for the first
time and with the use of three semiconductor SRDN-3
probes located in selected facility.

In order to assess the radiation exposure of people stay-
ing inside, all the estimated effective radiation doses were
used. However, only the maximum doses, making it possi-
ble to present the conditions which in light of Polish radio-
logical protection regulations were the least advantageous,
were considered representative for the studied underground
laboratory.

In underground geodynamic laboratory of Space Re-
search Centre in Ksigz, the maximum value of effective ra-
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diation dose received during a 1-hour, ranging average
0.007 mSv/h—0.02 mSv/h. Effective radiation doses are on
the same level regardless of the time of day and time of
measurements. The highest values of radon activity concen-
tration and effective radiation dose are noticed in warmer
periods of the year. The value of annual effective radiation
dose was average 15-20 mSv/year, the maximum reached
more than 35 mSv/year.

The values of effective radiation dose are dependent on
the seasonal changes of radon activity concentration but are
not dependent on the hour of measurement during a day
(short-term, diurnal cycles). From autumn (between late
October and late January) to spring (between February and
April), when the air inside the laboratory has a higher tem-
perature than the atmospheric air, radon is carried out to the
atmosphere with the warmer air flowing out of the object. In
the warmer season between late April to September, the air
inside is cooler than the atmospheric air outside and it is
accumulated with radon inside laboratory. This fact is linked
to the natural ventilation (convection) of the laboratory.

In underground geodynamic laboratory of Space Re-
search Centre in Ksigz exists the risk of receiving doses
that exceed the allowable annual effective radiation dose
limits specified by the polish Atomic Law, but the probabil-
ity of its occurrence is very low.
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The 2011 off the Pacific coast of Tohoku Earthquake and
subsequent tsunami on 11 March 2011 caused damages that
led to the accident at TEPCO’s Fukushima Dai-ichi Nuclear
Power Station (FDNPS). Large amounts of radionuclides
were dispersed by hydrogen explosions, and radionuclides
also leaked from the FDNPS into the terrestrial and marine
environments. In the approximately 5 years that have passed
since the accident, radiocaesium activities in seawater in the
Fukushima coastal area have decreased, but are about 10
times higher than before the accident [1]. There are some
controversies about the factors affecting radiocaesium ac-
tivities in the seawater which seem to be sensitive to river
input and land erosion. This study aimed at elucidating the
factors affecting the distribution and behaviour of dis-
solved radiocaesium in seawater by analysing samples col-
lected off the coast of Fukushima Prefecture during six-
month periods (May and October) in each year from 2013 to
2015. In that three-year period, the dissolved !*’Cs activities
were 1.8-220 mBq L' and the activities in October were
totally higher than those in May. In surface-layer seawater
(water depth, 0-20 m), the activities at the sampling sta-
tions located within 10 km of the coast of Japan were higher
than those at other stations and the trends were particularly
observed in October. On the other hand, the relationships
between the activities and distance from the continent or
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salinity in bottom water (water depth, >20 m) were not
clear. In mid-October 2013, Typhoon Wipha passed through
the eastern part of the main Japanese island, and at the Har-
anomachi weather station (37°38' N, 140°59 E) in Fukushi-
ma Prefecture, the total rainfall exceeded 100 mm on 16
October 2013, which was a sampling date for this study [2].
It seems that the increased fresh water input, including input
of radiocaesium from rivers or land erosion caused by the
heavy rain of the typhoon affected the sampling results. In
the presentation, we will also discuss the factors for radio-
caesium distribution and temporal variation in 2013-2015.
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The Republic of Kazakhstan is a unique state combining its
modern nuclear-free status with a serious nuclear past.
There is a large number of radiation-hazardous objects of
various types throughout the territory of Kazakhstan: the
sites of nuclear testing, research and energy nuclear plants,
organizations and plants of uranium mining and processing
industry, oil fields.

The particular public attention is directed to the places of
nuclear explosions. For several decades, a significant
amount of underground nuclear explosions (UNE) have
been made on the territory of Kazakhstan. Most of them are
associated with the tests of nuclear weapons performed at
the Semipalatinsk test site. In addition, the series of peace-
ful nuclear explosions was performed for solving the num-
ber of national economic problems — Azgir test site, the
“Lira”, “Mangyshlak”, “Meridian”, “Batholith”, “Region”
facilities. After some years the negative effects caused by
the UNE consequences have been observed in some regions.

The negative consequences of UNE imply the inflow of ra-
dionuclides and other contaminants into the groundwater
and productive strata. The outflow of these contaminants to
the day surface is also possible as a result of their migra-
tion through the weakened zones and extrusion of the radia-
tion contaminated solutions from the UNE cavities due to
their collapsing.

The paper presents the main results of the investigations
performed at the locations of peaceful nuclear explosions
with application of modern spectroscopic and radiochemi-
cal methods of analysis. The areas of anthropogenic radio-
active contamination of equipment and soil were identified
during the survey at some sites. As the result of the per-
formed remediation measures all detected radiation anoma-
lies have been liquidated.

Currently, the radiation situation in the territories and set-
tlements adjacent to the places of peaceful nuclear explo-
sions is normal. All objects of peaceful nuclear explosions
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are radiation dangerous and require constant monitoring at
the state level. The most probable mechanism of threat is the
spreading of radionuclides from groundwater.

To ensure the continuous monitoring of the radiation sit-
uation and the required operative actions to ensure the radi-
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ation safety of the population it is necessary to develop and
implement the unified system of radiation monitoring at the
places of peaceful nuclear explosions on the territory of the
Republic of Kazakhstan.

MEASURING NATURAL RADIATION (NORM) INSIDE SOME OIL FIELDS IN LIBYA

Ezeddine Hamida

Theoretical Studies Department, Petroleum Training & Qualification Institute, Tripoli, Libya, e-mail: Ezzdinelgali@yahoo.com

In this work, we measured the natural radiation, known in
the scientific community NORM (Naturally Occurring Ra-
dioactive Materials), where we collected 6 different specifi-
cation samples of different fields. Sample 1, 2 and 3 were
crude oil mixed with soil (Sludge) taken from the oil lakes
(pits); Sample 4 is a crude oil taken from one of the storage

depots; samples 5 and 6 are a squamous crust (Scales) accu-
mulated in the production & pipelines.

NORM was measured by High pure Germanium Spec-
troscopy-HPGe in the prevention building of Nuclear Re-
search Center/ Tajura,Tripoli-Libya and the results were as
follows:

Sample 1 2

3 4 5 6

Radioactive Activity (Bq/kg) 54.6+7.38 19.69+4.43

12.27+3.5 3.97£1.99 4017.2+63.38 5522.6+74.31
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From these results, it is clear that the squamous crust (scales)
samples contain the largest radiation.
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The radio ruthenium ('*Ru) is the non-negligible nuclide in
the nuclear facilities’ monitoring of fission products. '“Ru is
toxic, when it enters the seawater, it can path through the
food chain via shellfish (such as clams and oyster). Differ-
ent methods (CCl, extraction-f counting, distillation and
sulfide-ion-exchange resin) are used for the measuring of
196Ru, however, those methods are complex and time con-
suming. With the improvement of instrument, HPGe y-ray
spectrometry is now widely used for the measuring of ra-
dionuclides due to its simple preparation, and hence more
efficient. The cobaltous sulphide (CoS) precipitation meth-
od is commonly used to concentrate the '®Ru from the sea-
water when using HPGe y-ray spectrometry to determine
106Ru. However, the factor reported for the concentrating
196Ru varies in different studies. The objective of present
study is to explore the effect of different factors (Co?* con-

centration, Thioacetamide (TAA) concentration, heating
temperature and heating time for the precipitation) on the
measurement of Ru, and try to find out the optimal method.
Preliminary results show that the method is sensitive to the
TAA concentration, when the TAA concentration is 30
times of Co?* concentration, the recovery efficiency of '"Ru
is the highest; while Co?" concentration didn’t show signif-
icant effect. We also compare the CoS method with other
methods (MnO,, Fe(OH), and CuS precipitation). The opti-
mal method was then applied to several seawater samples
from the coast of China and the west Pacific.
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In practice the monitoring of the underground radiocar-
bon emission by the nuclear facilities (also at the Paks NPP)
is based on the survey limited to the dissolved inorganic
carbon forms of groundwater. However the emitted radio-
carbon can be present in organic forms as we know from
our previous study at the Piispokszilagy Radioactive
Waste Treatment and Disposal Facility [1]. For the exact
and correct dose estimation it would be necessary to know
rather the total radiocarbon content of the groundwater
samples.

Knowing the above we measured the specific radiocar-
bon concentration separately of the inorganic, the total (in-
organic and organic together), and the non-volatile organic
compounds of the groundwater from the monitoring wells
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at Paks NPP. By the separate measurement of these three
compounds the radiocarbon contamination getting into the
groundwater of the power plant is mostly present in the in-
organic forms (typical specific C-14 in the activity: 270+£190
pM) and the organic fraction does not have significant radi-
ocarbon contribution as the specific C-14 activity is close to
the natural background (110+£20 pM) level.
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Naturally occurring radionuclide Pb-210 is commonly used
in research of processes connected with sediment accumu-
lation in aquatic environment and river basins. The most
common application of Pb-210 is connected with determi-
nation of sediment age and tracing of eroded soils and sedi-
ments. Gamma-ray spectrometry method enables accurate
Pb-210 determination but the key issue for measurement
accuracy, especially for low-energy radiation, is self-attenu-
ation correction (C,) determination.

The presented paper is a part of a larger project that
elaborate methodology to determine correction C, in sam-
ple on the basis of chemical composition and density of
the analysed material. In the presented paper analysis of
sensitivity of C, to the accuracy of chemical composition
analysis was presented. In order to determine C, correction,
it is necessary to know chemical composition of the ana-
lysed sample, however, it is needless to determine all ele-

ments in a sample. The aim of the work is to find minimal
requirements for the scope of chemical analyses, and the list
of elements in particular, which determination is necessary.

The analyses were done by means of Monte Carlo simu-
lation method for a cylindrical sample with 3 cm height and
for 7 typical materials that can be found in the environment
such as: peat, water, sediment, chernozem, ash, quartz sand
and soil. For each of these materials the elements were
selected, which determination in the analysed material is
necessary, assuming accuracy of a sample C, correction de-
termination (e.g. 3%). For the remaining elements that often
appear in environmental samples, “limit levels” of their
concentration were determined — if the expected element
concentration in a sample exceeds this value, its determina-
tion is necessary.

Thus, for example, for the soil of 1.4 g/cm? density, with
typical concentrations of essential elements, with the ex-
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pected uncertainty correction of C, below 3%, it is neces-
sary to determine the concentration of Si and O, whereas
limit levels for C, Al, K, Ca, Fe, Pb amount to 20%, 40%,
4%, 4%, 5% and 0.2% accordingly.

The results presented in the paper enable to limit the
range of chemical analyses essential to determine C, correc-
tion and, thereby, lead to cost reduction of Pb-210 determi-
nation in environmental samples.
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Rapid methods are essential for a fast response in the case of
a radiological emergency. In order to provide information
on the activity levels in food and beverages to decision
makers and the public, it is important to develop fast labora-
tory methods for these types of samples. For pure beta emit-
ting fission products like Sr-89/Sr-90 fast radioanalytical
methods are needed.

The method developed for the rapid determination of
Sr-89/Sr-90 is based on the chemical microwave digestion
of the food and beverage samples. After obtaining a trans-
parent liquid solution, an aliquot can be premeasured di-
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rectly in a liquid scintillation counter (LSC) for Cherenkov
counting and liquid scintillation. The rest of the sample can
be further purified using the Sr resin for the selective sepa-
ration of strontium isotopes and then measured by LSC.
The whole procedure allows the selective determination
of Sr-89/Sr-90 in one working day. The typical detection
limits of the direct measurement are around 200 Bq/l for
beverage and 1000 Bq/kg for food samples, respectively.
The achieved detection limits after purification are close to
1 Bq/l and 1 Bq/kg, respectively.
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The soil, bedrock beneath a building and building materials
are three main source of the radon gas, which is present in
the indoor environment of the dwellings. The radon origi-
nating from the underneath soil comes out by emanation and
exhalation. Exhalation of radon and thoron from building
material also causes health problems. The radon exhalation
rate from the ground is one of the most important factors
that is useful to classify areas that could be building ground,
if it has a high radon risk (indoor radon will be high), or not.
The aim of present survey was focused on determining the
radon mass and thoron surface exhalation rate by extrapo-
lating the data in soil samples collected from Jammu dis-
trict, Jammu and Kashmir, India. There are many techniques

used to measure radon exhalation rate directly from ground,
soils and rocks or from building materials. “Smart Rn Duo
technique” which is an active device has been employed for
the measurement of radon mass and thoron surface exhala-
tion rate in soil samples collected from under study areas.
The radon exhalation rate in these samples has been found
to vary from 14.9 to 35.5 m Bq kg! h™! and thoron exha-
lation rate has been found to vary from 0.024 to 1.35 Bqm~?s.
The concentrations for exhalation rate are compared
with the reported data from other countries. The porosity of
soil samples has been measured. Thoron mass exhalation
rate was also measured and varied from 2.58 to 184.83
Bgkg'h.
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We have been measuring radionuclides in airborne particu-
late matters (APMs) by gamma-ray spectrometry, which
continuously collected at Kawasaki City, Kanagawa Prefec-
ture, located near Tokyo since 2001. The APMs sampling
has been conducted weekly with a high volume air sampler
equipped with a quartz fiber filter at the monitoring station
in the campus of the Atomic Energy Research Laboratory,
Tokyo City University. Concentrations of radioactive cesi-
um in the APMs had increased drastically just after the oc-
currence of the Fukushima Daiichi Nuclear Power Plant
(FDNPP) accident in March 2011, reaching the highest val-
ue of 0.60 Bg/m® for '37Cs. Shortly after that, however, it
started to show a decreasing trend, and the concentrations of
137Cs in the AMPs decreased to one 10-thousandth of the
highest value by the end of 2011. The decreasing rate of the
airborne *’Cs was high in the first few months after the
FDNPP accident, slowed down by September 2011, a half
year after the accident, and since the end of 2012, no appre-
ciable decrease of the *’Cs concentration in the AMPs has
been observed. The major source of radioactive cesium in
the APM samples has been considered to be suspension of
soil particles in and after 2012. The mean concentration of
37Cs in the APMs throughout 2014 was 9x10° Bg/m?,
which is about two orders of magnitude greater than the
pre-Fukushima level.
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On the other hand, it has been suggested that temporal
variations of the deposition of radioactive cesium in the
APMs in the Kanto area could not be explained only by the
soil resuspension process [1]. We, thus, conducted extrac-
tion experiments on the APMs to have information on
chemical characteristics of airborne radioactive cesium,
which is important to identify the source of airborne radio-
active cesium. The experimental results reveal that the
extraction behavior of radioactive cesium in the APMs is
obviously different from that in soil contaminated by the
FDNPP accident. The radioactive cesium in the APMs has
been easily extracted by water, whereas that in the soil has
hardly been extracted by water and partially extracted only
by aqueous solutions containing some kind of salts like am-
monium salts [2]. That is to say, the airborne radioactive
cesium in recent days may not always be supplied by soil
resuspension process. The possible candidates for the source
of radioactive cesium in the recent APMs may be dust from
cleanup operations in the disaster area and/or soot with an
open-air burning of combustible wastes including leaves,
grass, and wood.
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Indoor radon/thoron has been recognised as one of the
health hazards for mankind. In present investigations, pin-
holes based single entrance Rn??? / Rn??° discriminating do-
simeter, with LR-115 type- II track detector were used for
estimating annually radon (Rn???), thoron (Rn?*) gas con-

centration levels. The measurements have been carried out
in 120 dwellings of 40 different villages situated in Jammu
district of Jammu & Kashmir, India. Indoor and outdoor am-
bient gamma dose rates were also calculated and varied
from 0.08 to 0.17uSv/h and 0.02 to 0.25 pSv/h. Villages
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were divided into three different zones according to gamma
dose rate. Dwellings were selected in villages mainly target-
ing different types of building material used in construction
of houses like concrete-brick, mud-brick and marble-ce-
mented along with an idea of different ventilation condi-
tions. Radon concentrations varied from 12.69Bqm™ to
48.74 Bqm~ with average 25.88 Bqm~ in 8 villages in first
zone, from 10.08 Bqm™ to 83.96 Bqm with average 47.02
Bgm™ in 25 villages in second zone and from 13.97 Bqm™
to 85.29 Bqm™ with average 49.63 Bqm™ in 7 villages in
third zone. Similarly thoron concentrations varied from
48.00 Bqm™ to 149.00 Bqm™ with average 97.88 Bqm™ in
8 villages in first zone, from 14.44 Bqm™ to 150.92 Bqm~
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with average 95.27 Bqm~ in 25 villages in second zone and
from 64.39 Bgm™ to 237.1 Bgm= with average 127.95
Bgm™ in 7 villages in third zone. Total radon concentration
levels in the studied dwellings were found to vary from
10.08+4.60 Bqm= to 85.29+23.89 Bqm= with average
47.69+14.25 Bgm™ and total thoron concentrations were
found to vary from 14.44+2.80 Bqm™ to 237.1+90.88 Bqm™
with average 125.77+46.84 Bqm=. Indoor radon concentra-
tions from various dwellings in the studied area were lower
than the limit 100 Bqm= recommended by WHO (2009).
Annual effective dose was also calculated. Average annual
effective dose for radon was found 1.38+0.081 and for
thoron was found 3.17+1.18.

A COMPARATIVE STUDY ON SORPTION AND DIFFUSION OF CESIUM

IN CRUSHED ARGILLITE AND GRANITE
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This study was conducted using batch and column meth-
ods in order to investigate the sorption and diffusion of cesi-
um (Cs) for two potential host rocks in Taiwan: argillite
from Taitung and granite from Kinmen Island, with the pur-
pose of establishing a reliable safety-performance assess-
ment methodology for the final disposal of spent nuclear
fuel. The methods were applied on crushed rock samples to
simulate the in-situ geological environment. The mineral
component and basic characteristics of the host rock sam-
ples were obtained using solid-phase analyses, i.e., X-ray
diffraction (XRD), elemental analysis, N,-BET surface area
analysis, and cation exchange capacity (CEC). Further-
more, the distribution coefficients (K, ) of Cs were obtained
using batch tests with various sample grain size. The results
showed that higher sorption capacities were found for argil-
lite than granite; due to the higher clay mineral content in
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the argillite. Experiments for diffusion of Cs both in crushed
argillite and granite were also conducted. The apparent dif-
fusion coefficients (D, ) were analysed and plotted as accu-
mulating curves, respectively. However, the values estimat-
ed for the diffusive results (D,) of Cs in argillite were
revealed to be lower than those of granite. In addition, the
diffusive results showed that the major retardation factor
(R, ) of Cs was dependent upon the micro-porous structure
of the tested media, e.g., a decrease in constrictivity (3) and
an increase in tortuosity (t). The solid/liquid (S/L) ratio, in
fact, decreased, as it was in the case when switching from
the batch method to a through-diffusion experiment, of
which the analysis results indicated that the sorption effect
on the minerals was even more negligible in regard to the
retardation of radionuclide migration.

MONITORING OF CAESIUM-137 IN SURFACE SEAWATER AND SEAFOOD
IN BOTH THE IRISH AND NORTH SEAS: RECENT TRENDS AND OBSERVATIONS

Kinson Leonard'*, Andras Donaszi-Ivano®, Alastair Dewar!, Victoria Ly', Trevor Bailey'
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The objective of the OSPAR Commission’s Radioactive
Substances Strategy is to prevent pollution of the OSPAR
maritime area (North East Atlantic) from ionising radiation
through progressive and substantial reductions of discharg-
es, emissions and losses of radioactive substances. The UK
Governments are committed to preventing pollution of the
marine environment. The continuation of UK annual sur-
veillance programmes to determine the distribution of radi-
onuclides in the food and the environment is maintained
year on year. Selected results of monitoring at UK nuclear
licensed sites and in adjacent coastal seas contribute to the
data collected by the OSPAR Commission. The information
provided in this paper is taken from data submitted by the
UK (since 1998) to the OSPAR Commission for the purpose
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of evaluating the extent to which the Radioactive Substanc-
es Strategy is being met (by the year 2020). Data are also
published annually in the Radioactivity in Food and the
Environment Report (RIFE) report series by the UK.

The objective of this paper is to provide selected concen-
trations of caesium-137 in the Irish and North Sea coastal
waters and seafood, and to assess the impact upon the sur-
rounding environment. These data give a clearer and broad-
er picture of caesium-137 trends in the environment which
are not obvious from the annually submitted or published
technical reports. The data have been summarised, at a vari-
ety of sampling locations, to produce a review of trends and
observations over time, from 1998 until the present time.
(OSPAR evaluation period, to-date).

ACCUMULATION OF ANTHROPOGENIC AND NATURAL RADIONUCLIDES
IN CRYOCONITES FROM SOUTHERN CAUCASUS (GEORGIA)

Edyta Lokas'*, Anna Cwanek!, Katarzyna Szufa’, Pawet Gaca®, Krzysztof Zawierucha’
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Cryoconites are the airborne dust which accumulate on the
surface of glaciers, from the atmosphere by dry or/and wet
precipitation. Material aggregates in cryoconites consist of
a mixture of mineral particles, organic substances and living
microorganisms, common among them being the filamen-
tous cyanobacteria. The quasi-spherical aggregates increase
their size due to the growth of cyanobacteria and physical
entrapment of mineral material or by fusion of smaller gran-
ules. Cryoconite holes, are small water filled depressions,
common in the ablation zones of glaciers, located in polar,
as well as mountain regions. The contaminants are effec-
tively trapped in cryocnite holes and may be stored inside
them for many years leading to very high concentrations of
contaminants. The objectives of this study were to: (1) eval-
uate the contamination level of artificial ('¥7Cs, 238239+240py,
21Am, °°Sr) and natural (?*°23?Th, 234238U, 21Pb) radionu-
clides of cryoconites sampled from Adashi glacier (Svaneti
region, Georgia); (2) distinguish the sources of contamina-
tion based on artificial radionuclides ratios (?3*Pu/?3*240Py,
241Am/239+240Pu’ 239+240Pu/137cs and 240Pu/239Pu, 9OSI- /137CS,
%0Sr/ 239724Py); (3) determine the external dose from both
natural and anthropogenic radionuclides. Analyses of fine-
grained deposits from cryoconite holes located on Adashi
Glacier revealed unexpectedly high activity concentrations

of fallout radionuclides reaching 4900 Bq/kg, 2.5 Bg/kg,
107 Bg/kg and 68 Bg/kg for '37Cs, 23%Pu, 23*24%Py and ?*' Am,
respectively. The average activity ratios for 238Pu/?39"240py
(0.031) and 24°Pu/>*Pu (0.16) suggest the global fallout as
the dominant source of Pu. 23%"240Pu/17Cs (0.013) and
241 Am/239+240Py (0.86) activity ratios point to possible other
sources of 1¥’Cs and ' Am. The average isotopic ratios of
%Sr/137Cs (0.023) suggests the Chernobyl fallout as a domi-
nant source of Cs. On the other hand the mean value of *Sr/
2397240py isotopic ratio (0.81) suggests that the global fallout
is the dominant source of Pu. This result points to a very
high depletion of Sr possibly due to its high mobility in the
environment, especially when compared to Cs and Pu. The
natural radionuclides (isotopes of U and Th) originating
from the surrounding rocks weathering are transferred to the
glacier surface with larger grains and do not concentrate in
cryoconite holes. 2'°Pb in cryoconites is derived mainly
from the atmospheric deposition and its activity concentra-
tions reach high values up to 12000 Bq/kg. Because of small
dimensions of the cyanobacteria cells, smaller than the
range of gamma rays and beta particles of caesium, potassi-
um and strontium in water, the external dose to cyanobacte-
ria comes mainly from the alpha emitters decay, reaching
only up to 0.5 uGy/h.
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SOURCES OF URANIUM IN LICHEN NEAR THE MOUND SITE
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The Mound Site, in SW Ohio USA, is a former U.S. Atomic
Energy Commission and Department of Energy site that
was established for atomic weapons related research and de-
velopment [1]. The site was in operation from 1948 to 2003,
during which time a variety of radionuclides were released
to the local environment, including Pu, U, and Th; depleted
U (DU) metal was “suspected” to be present in some loca-
tions on site [2]. The Mound was designated a Superfund
site in 1989, and was remediated for use as an industrial
park, now under the long-term surveillance of the DOE
Office of Legacy Management [2].

In this study, we collected lichens from the vicinity of
the Mound Site in order to evaluate the utility of lichens as
monitors of past airborne releases of radionuclides. Seven
lichen samples collected within a 3.5 km radius of the
Mound Site (mostly in the downwind direction) were ashed,
and analyzed for U concentration by ICP-MS and isotopic
composition by thermal ionization mass spectrometry
(TIMS) [3]. Uranium concentrations in the lichen ash range
from 0.23—1.17 ppm, significantly higher than background
concentrations of 66 ppb determined previously in SW
Ohio tree bark [4] and in some cases higher than local back-
ground soil concentrations (0.8 ppm; [5]). Measured
235U/238U ratios in all samples are within error of the nat-
ural value (0.00725 £ 0.00001), thus the major isotopes of
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U do not indicate any presence of DU in the lichen sam-
ples. However, five of the seven samples have measurea-
ble 236U with 236U/238U ratios ranging from 4.4E-8 to
6.2E-6, clearly indicating the presence of non-natural U
in these samples. Furthermore, a positive correlation of
236U/238U with U concentration indicates that the elevat-
ed U concentrations in these lichen samples are due to
contaminant U from nuclear materials, and thus is most
likely attributable to releases to the environment from the
Mound Site. Analyses of Th and Pu in the lichen samples
should provide further evaluation of the nature and extent
of environmental contamination in the vicinity of the
Mound Site.
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Primordial long-lived radionuclides 232Th,8U along with
4K contribute vividly to the natural radiation present
around us. While anthropogenic radionuclides *°Sr, '¥’Cs are
the aftermath products of human activities like mining,
radiotracer studies, nuclear tests or accidents, etc. The ob-
jective of the present study is to assess the radionuclide
characterisation of soil samples collected from the world’s

largest deltaic mangrove ecosystem, ‘Sundarban’ using
gamma-ray spectrometry. Sundarban wetland spreads across
two neighbouring countries India and Bangladesh. This
first time radioactivity measurement attempts to sketch the
base-line data of Indian Sundarban mangrove area for fu-
ture radiological assessment. Sampling was done from 30
different estuarine locations of Sundarban mangrove delta,
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one of the most productive ecosystems with enriched bio-
diversity. Pre-treatment of samples included air-drying,
pulverization to ensure homogeneity, weighing and keeping
in hermetically sealed petri-plates for 45 days. Activity
of naturally occurring radionuclide(NOR), 23U (T,, =
4.468x10%), ’Th (T,, = 1.40x10'%) and anthropogenic
radionuclide/ Technologically enhanced NOR(TeNOR),
B7Cs (T,,, = 30.08a) was measured using highly shielded
high purity Germanium (HPGe) detector having 50% rela-
tive efficiency. Radioactivity level of 28U laid in the range
of 31.7+10.5 Bg/kg to 55.2+14.5 Bq/kg, with mean and me-
dian activity at 45.5 Bq/kg and 44.8 Bg/kg, respectively.
Similarly, ?*Th radioactivity ranged between 51.4+4.8
Bg/kg to 85.0+4.3 Bqg/kg with mean and median activity
at 72.2 Bg/kg and 72.1 Bq/kg, respectively. The same value
of mean and median indicates normal distribution of 23U
and 2*?Th activity. '¥’Cs activity varied from BDL to 7.3
Bg/kg. The NOR values are slightly above the global aver-
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ages of 35 Bq/kg and 45 Bq/kg for 238U and 232Th respec-
tively [1], which may be attributed to the cumulative accu-
mulation of the same from upstream Gangetic trail, flowing
via several inter-connected rivers of Ganga-Brahmapu-
tra-Meghna basin [2]. The activity of 1¥’Cs is well below the
radar, but in some places minute activity was observed,
which may be due to localized concentration of '*’Cs due to
radiotracer studies on river sediments by '3’Cs tracer.
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Iitate village (Fukushima prefecture) was contaminated by
radiocesium because of the fallout from the Fukushima
Daiichi-Nuclear Power Plant accident on March 11t%, 2011.
To decontaminate the place, the contaminated surface soil
was collected and packed in containers. On September 12t
2015, there was a heavy rainfall of 200 mm/day, which in-
creased the volume of water in many rivers flowing into Ii-
tate village. Some rivers were flooded causing the sediment
flow over the fields. It was considered that the newly brought
sediment by the flood caused the contamination of the place
where decontamination was performed. The investigated
place was chosen where two rivers merged and the sediment
from both rivers was estimated to be delivered. The sam-
pling points were 3, 6, 9 and 12 m from the river and the soil
was collected 0, 2, 4, 6, 8, 10 and 12 cm down from the

surface at each point. The radioactivity was counted by a
Nal scintillation counter and some interesting results were
suggested. At the point, 3 m from the river, the highest con-
centration of the radiocesium was found at the deepest layer
from the surface (12~14 cm), whereas at 12 m from the river,
the concentration of the radiocesium was the highest at the
surface layer (0~2 cm). From these measurements, it was
indicated that there were two floods caused by the heavy
rain. The first flood brought the high radioactive sediment in
the wide range of the place, more than 12 m from the river.
Then the second one brought the lower concentrated sedi-
ment till 9 m from the river. It was also suggested that there
was a difference in the contamination level of the sediments
in two rivers.
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The Uruguayan east coast has several mineral resources,
which include black sand ores, with 7 million tons of heavy
minerals evaluated in the Aguas Dulces-Valizas area. These
ores have a mean composition of 50% of ilmenite, 20% of
magnetite, 5% of zircon, 1% of rutile and 0.6 % of mona-
zite. As a result of this, all radionuclides belonging to the
238U and 2*2Th series are present in the Uruguayan east coast.
The activity concentration of 23U, 22Th and “°K in sand and
soil in Rocha’s coast was determinated to evaluate the exter-
nal hazard index, the outdoor annual effective dose equiva-
lent and the radium equivalent activity in order to determine
if those represent a risk for the inhabitants. For the quantifi-
cation of those radionuclides in sand and soil, three samples
of ten different beaches with different composition were
collected at a typical depth of 5 cm from the top surface
layer to produce aproximately 2 kg wet weight sample.
Each sample was dried at a temperature of 60 °C until a
constant weight was reached, the samples were filled into
500 mL Marinelli flasks. After approximately four weeks in
order to reach secular equilibrium of the 23U and ?*?Th se-

ries, samples were measured by gamma-spectrometry with
a High Pure Germanium Detector GMX35P4-76-RB, 35%
efficiency and 1.75% resolution for photopeak of “Co.
IAEA reference materials RGU-1, RGK-1 and RGTh-1
were used for efficiency calibration. 233U series was studied
by the weighted mean of the photopeaks of 2**Th (63.3 and
92.8 keV), by the weighted mean of the photopeak of 2'“Bi
(609.3 keV) and of the two photopeaks of 2Pb (295.2 and
352.0 keV). 232Th series was evaluated by the photopeak of
228Ac (911.1 keV) and the photopeaks of 2!?Pb (583.1 keV)
and 2%T1 (238.6 keV), K was evaluated by its own photo
peak 1460 keV.

The range of activities concentration of 22°Ra, *2Th and
YK were found to be 12.4-30.3, 10.2-70.7, and 150.2-482.3
Bq.kg™, respectively. The outdoor annual effective dose
equivalent, the radium equivalent activity and the external
hazard index associated with the samples were evaluated.
The results indicates that the radiation hazard from natural
radionuclides in all samples studies in the current work is
not significant.



POSTER PRESENTATIONS — Radioecology and environmental radioactivity 203

421

ENVIRONMENTAL IMPACT ASSESSMENTS OF NATURALLY OCCURRING RADIONUCLIDES
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The study of activity concentration of 22Th, 28U and K
from selected soil samples 10-20 cm below ground level in
strategic positions within Abuja has been presented for en-
vironmental risk assessments to the inhabitants. Activity
concentrations were analysed using a high resolution co-ax-
ial HPGe gamma ray spectrometer system. The activity con-
centration from the soil samples ranges from 46+4 to 84+7
Bq kg! for 2?Th with a mean value of 53 Bq kg!, 23+2 to
5245 Bq kg! for 28U with a mean value of 34 Bq kg! and
119+15 Bq kg to 1011£128 Bgkg! for “°K with a mean
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value of 236 Bq kg!. The gamma dose rate (D_) exposure to
the inhabitant ranges from 58 to 81 nGy h™! and the radium
equivalent (Ra,,) from the samples ranges from 124 to 180
Bq kg!. The external hazard index (H,) varies between
0.34 to 0.49 and the Annual Effective Dose (AED) ranges
from 71 to 99 uSv y!. In contrast, some values distinctly
exceed the international standard reference level twice ac-
cording to UNSCEAR. The high radioactivity and radiolog-
ical risks posed to the inhabitants may attribute to basaltic
intrusions within near surface from the deep seated source.

DETERMINATION OF RADIOCESIUM IN LARGE ENVIRONMENTAL WATER SAMPLES USING
COPPER HEXACYANOFERRATE AND SODIUM TETRAPHENYLBORATE
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Cost efficient method for the radiochemical separation and
radiochemical purification of radiocesium ('**Cs and '*’Cs)
in bulk environmental water samples with large volume (up
to 200 L) is proposed. Radiocesium was quantitatively re-
moved from the water by cation-exchange with copper hex-
acyanoferrate(Il) and finally it was purified additionally by
precipitation with sodium tetraphenylborate. The influence
of the concentration of potassium in the water sample on the
chemical yield was investigated. The cost of analysis by this
method is much lower than the traditional method with am-
monium phosphomolybdate (AMP) and hexachloroplatinic

acid. The validation of the proposed method was carried out
by analyzing various reference materials. The application of
the method was demonstrated with the determination of the
concentration of radiocesium in water samples from rivers
around Kozloduy NPP (Bulgaria) Danube and Ogosta.
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A novel and low-cost adsorbent was prepared by immobili-
zation of humic acid on silica gel surface coated with cross
linked chitosan (SiChiHA), which was developed for Th
and U removal from aqueous solution. The method is very
simple and eco-friendly compared to previous reports on
humic acid based adsorbents. The adsorbent was character-
ized by SEM-EDS method to describe the chitosan coating
and humic acid immobilization on silica gel surface. The
performance of adsorbent in Th and U removal was investi-
gated in terms of pH, solid-liquid ratio, contact time, ionic
strength and isotherm capacity. The optimum pHs for Th
and U removal were 3.5 and 5, and Langmuir adsorption
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model showed the maximum sorption capacities were 30.67
and 81.97 mg/g for Th and U, respectively. The adsorption
process was best described by pseudo-second order equa-
tion and correspondingly the times required for a quantity to
fall to half its initial concentration (50 mg/L) were 10 and
0.2 minutes for Th and U, respectively. In solution, sodium
concentration up to 2 mol/L did not significantly affect the
removal efficiency. High recovery rates (>99%) were found
in the system of solid-liquid ratio higher than 1.5 g/L and 1
g/L for Th and U, respectively. These results show that
SiChiHA can be employed as an effective low-cost adsor-
bent for Th and U removal.

LEVELS OF 21°Po AND 21Pb IN URINE OF GDANSK AGGLOMERATION INHABITANTS

IN POLAND
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The urine samples were collected from volunteers from
Gdansk, Gdynia and Sopot agglomeration. The 2'°Pb and
210Pg activity levels in the urine samples were next exam-
ined to determine whether and how they are related to ciga-
rette smoking, age, diet and sex. The obtained results indi-
cated that ?'°Po and ?'°Pb concentrations were variable
within each group of volunteers. The study shows that the
amount of 2'°Po and 2'Pb are incorporated into the human
body and slightly dependent upon the life mode including
diet habits, smoking habits, sex, and age. The activities of
210Po and 2!°Pb in urine are widely disparate, slightly higher
activity values are listed among females than males and
were 4.13+0.44 mBq'd™!' and 6.17+0.86 mBq'd! for 2!°Po
and 3.35+0.42 mBq'd! and 4.93+£0.57 mBq'd! for 2!°Pb.
The higher values of 2!°Po and ?!°Pb activities were observed
in the age group of 24 to 45 years (4.37+0.49 mBq'd™!' and
6.70+£0.95 mBq'd!, respectively) than in the other analyzed
classes. Relatively small differences were observed among

people with different dietary habits: the smaller activity was
observed for people, who eat less than once fish per week,
the higher among people who eat once or more fish per
week (3.72+0.33 mBq'd" and 3.95+0.75 mBq'd™' for 2!°Po;
5.56+0.44 mBq'd! and 5.87+1.59 mBq'd™! for 21°Pb). High-
er values of the ?'°Po and 2!°Pb activity were found in the
group of vegetarians (the class of people who include eggs,
dairy, beeswax and honey, but exclude meat - red meat,
poultry, seafood and the flesh of any other animal)
(4.52+0.72 mBq'd™! and 7.43+1.70 mBq'd™! respectively)
than for meat consumers group (3.47+0.31 mBq'd™' and
5.00+0.39 mBq'd, respectively). All mentioned above dif-
ferences are however not statistically significant.
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LUNG DISSOLUTION RATES FOR AIRBORNE URANIUM PARTICLES GENERATED DURING

CRITICAL ASSEMBLY EXPERIMENTS
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An in vitro study of airborne uranium oxide collected during
a critical assembly experiment was carried out to determine
the dissolution rate in synthetic lung fluid (SLF). Subsam-
ples of a filter used to collect airborne uranium were placed
in a 20 ml 9 kDa molecular weight cut off ultracentrifuga-
tion buffer exchange device constructed of regenerated
cellulose membrane. While typically utilized for molecular
biological techniques, this apparatus was ideal for isolating
a sample of uranium particulate from the bulk SLF. The
regenerated cellulose membrane is designed to fit in stand-
ard 50ml conical tubes, allowing for easy exchange of SLF
samples containing dissolved uranium during the course of
the 100 day study. The buffer exchange device was filled
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RADON LEVEL IN GROUNDWATER OF KOREA

with 10 ml of SLF, while the lower 50 ml conical tube was
filled with 20 ml SLF. A CO, environmental control incuba-
tor with a built in orbital shaker was utilized to regulate pH,
control the temperature at 37 °C, and provide gentle agita-
tion. The study was run in triplicate, and the uranium in each
fraction collected during the study, and the amount of urani-
um that did not dissolve during the 100 days was deter-
mined using HR-ICP-MS. Plots of the fraction of uranium
undissolved as a function of time were constructed, and
fit with a three component exponential decay mode to de-
termine the dissolution rates. The uranium showed three
distinct dissolution rates, including a very fast fraction, and
two distinct moderate dissolution rate fractions.
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Radon (**?Rn) is an alpha-emitting noble gas that is color-
less, odourless, and water soluble. It is naturally derived
from successive decay of uranium-238. The radon has been
known to induce lung or stomach cancer due to internal ra-
diation via inhalation or ingestion. It was reported that 52%
of annual exposed radiation is derived from inhalation of
radon gas, and annually deaths of about 21,000 persons
were associated with lung cancer due to the inhalation of
radon gas in U.S., particularly. Therefore, the International
Agency for Research on Cancer (IARC) designated ra-
don-222 as a carcinogen of Group 1 and many authorities of
foreign countries such as US EPA, Denmark, Sweden, Nor-
way and Finland regulate radon level between 2,700-27,000
pCi L in drinking water for the decrease of radon expo-

sure. In the case of Korea, there are no established standards
for radon in drinking water. This study was carried to deter-
mine the spatial and geological distribution of radon in
groundwater, to compare radon level in Korea with the
standards of other foreign countries, and to provide the sci-
entific background information for the establishment of ra-
don standard in drinking water. The radon level in ground-
water were investigated nationwide for 9 years (2006-2014).
Samples were collected from 4,123 public and private wells,
and analysed by Liquid Scintillation Counter (LSC). The
radon level in groundwater is up to 195,000 pCi L' with an
arithmetic mean of 2,700 pCi L. Compared to AMCL
standard (4,000 pCi L") of U.S., 18% of samples were ex-
ceeding the AMCL standard for radon in drinking water, and
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the boreholes were distributed mainly into the central region
of Korea (i.e., Chungcheong, Gyeonggi, and Jeolla Prov-
ince). Most of samples exceeding the AMCL value were
distributed into plutonic and metamorphic regions. The ge-
ological distribution of radon is comparatively consistent
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with naturally occurring uranium occurrence in Korea.
Given that most of samples were collected from wells for
drinking water, proper management is required by the au-
thority to reduce radon level in drinking water.

A METHOD OF *C FORMS DETERMINATION IN LIQUID RELEASES

FROM NUCLEAR POWER PLANTS
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There is a lack of data in scientific literature on the quantity
of *C released to surface waters from nuclear power plants.
Therefore, it is difficult to estimate the contribution of this
radionuclide in the liquid releases to the dose load of popu-
lation from the vicinity of nuclear power plants. Following
requests of the regulatory (The State Office for Nuclear
Safety), we developed a method of C determination in
samples of surface water (liquid releases from Nuclear
Power Plants). This analytical method makes it possible to
distinguish the inorganic forms (dissolved “CO, and car-
bonates) and *C in organic compounds. The method was
tested with real water samples with addition of both car-
bonate and organic forms of “C. The method enables pro-
cessing of water samples up to the volume of 1.8 litres. To
convert the organic compounds to CO,, a wet oxidation is
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carried out in acidic solution, using the KMnO,. To achieve
high yields, the *CO, liberated from the sample is trans-
ferred and trapped into a sorbent by the means of long-term
circulation, the yields obtained in this way exceed 98%. The
measurement of activity by the means of liquid scintillation
spectrometry (LSS/LSC) can be carried out directly in ali-
quots of the sorbent (quick measurement, but high limit of
detection) or by measurement of “C in precipitated BaCO,
(time consuming, but low detection limit). In our contribu-
tion, we will report and discuss the particular phases of the
procedures, the parameters of analytical routine and also
the methods used for indicating the presence of interfering
radionuclides in the samples measured by liquid scintilla-
tion spectrometry.

POLONIUM 21Po AND RADIOLEAD '°Pb IN EDIBLE MUSHROOMS COLLECTED

IN NORTHERN POLAND

Karolina Szymanska, Dagmara Ida Struminska-Parulska, Grazyna Krasinska,

Bogdan Skwarzec, Jerzy Falandysz

University of Gdansk, Faculty of Chemistry, Environmental Chemistry and Radiochemistry Chair, Wita Stwosza 63, 80-952 Gdansk, Poland

The aim of the study was activities determination of natu-
rally occurring 2!°Po and 2'°Pb in caps and stems of mush-
rooms collected in Pomerania (northern Poland): Hazel
bolete (Leccinum pseudoscabrum), Red-capped scaber
(Leccinum aurantiacum), Foxy bolete (Leccinum vulpi-
num), Slate bolete (Leccinum duriusculum) and Orange Oak
bolete (Leccinum quercinum).

The fruiting bodies of mushrooms are generally consid-
ered as absorbing mineral constituents, including heavy
metals and radionuclides. They could be used as environ-
mental biomonitoring indicators to evaluate the level of
the environment contamination as well as the chemical
quality of the ecosystem. Mushrooms also influence natural
radionuclides migration in soil and food chains transfer.
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Many species of wild edible mushrooms adsorb and bio-
accumulate mercury, chrome, silver, cadmium as well as
radionuclides, i.e. cesium, strontium, polonium, radiolead,
uranium, plutonium. Special attention should be given to
the fruiting bodies while growing up and the contaminated
soil substrate.

Our study showed the average 2'°Po concentration in
mushrooms caps and stems ranged from 0.85+0.09 Bq-kg™!
in orange oak bolete (L. quercinum) stem to 10.77+0.47
Bqg-kg™! in hazel bolete (L. pseudoscarbum) cap, while the
highest 21°Pb activity concentration was observed in hazel
bolete (4.92+0.17 Bq'kg!) and the lowest in red-capped
scaber (L. aurantiacum) stem (0.31£0.03 Bq-kg™).
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Edible wild mushrooms accumulate different amounts of
219Po and 2'°Pb and this process depends on soil type and dry
atmospheric fallout. Sand and gravel does not stop minerals
and radionuclides, they have high permeability while pod-
sol, colloidal loam and clay are characterized by long-last-
ing retention of radionuclide in topsoil. Overcapacity of
210Po content in soil was simply the subtraction of the activ-
ity of 21°Pb, while in mushrooms it could be an effect of two
processes: selective or increased 2!°Po transfer and bioaccu-
mulation of more reactive 2'°Po or its surface adsorption.

The authors would like to thank the Ministry of Sciences
and Higher Education for the financial support of this work
under grant DS-530-8630-D505-16.
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A part of long-lived radionuclides released to the atmos-
phere from nuclear facilities is deposited on the ground fol-
lowed by penetrating subsurface soil and reaching to the
groundwater in mid-to-long term. Therefore the behavior of
radionuclides in surface to deep soil is important for assess-
ing human health risk. The Japanese first commercial large-
scale spent nuclear fuel reprocessing plant in Rokkasho is
under review for operation commencement by Nuclear Reg-
ulation Authority. Since long half-lived '?°I, of which behav-
ior in the environment is not yet sufficiently clear, is emitted
from the plant, it is important for public acceptance of the
plant to obtain the basic information of its migration in the
local soil environment. We measured soil water distribution
coefficients (K, ), which was used for important parameter
to estimate migration in soil, of >’I for soil core samples,
which were collected from a pasture land and a forest near
the reprocessing plant. Since radiocesium and radiostron-
tium are important fission radionuclides, the K, values of
137Cs and %Sr were also measured and discussed together
with those of '*1.

A core sample up to 3 m and 0.5 m depth collected at a
pasture land and a forest, respectively, was cut into each lay-
er, and an aliquot of the layer sample was used for K, meas-

urement without drying. After the sample was mixed with
pure water with solid/liquid ratio of 1/10, it was gently shak-
en for 2 weeks in room temperature followed by measure-
ment of the K, value. Soil characteristics, such as pH and
organic material content, were also measured for each layer
sample. The K, values in soil samples up to 0.5 m depth
collected at both locations were found to increase in the
order of 33Sr<!»I<!¥7Cs. The K, values of all radionuclides
also significantly increased with depth up to ~0.2 m depth.
In the top surface soil, the K, values of all radionuclides at
the forest were lower than those at the pasture. The K, val-
ues of all radionuclides at forest increased with depth up
to ~0.2 m, but decreased from ~0.3 m. For the subsurface
soil at the pasture, the K, values of *7Cs were almost con-
stant up to 3 m depth, while those of %3Sr increased to with
depth but with plateaus in mid and deep soils. The varia-
tion pattern of '*[ from 0.5 m to 3 m was different from the
other radionuclides with gradually decreasing in the depth
range of 0.5 m to 2 m and steep decreasing from 2 m. The
depth distribution patterns of K, values will be discussed
in the relation with soil characteristics at the conference.
This study was performed under a contract with the gov-
ernment of Aomori Prefecture, Japan.
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PROMPT DETERMINATION OF ¥7Cs IN LARGE VLOUME SEAWATER USING

Cu-HEXACYANOFERRATES CARTRIDGES
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A rapid method to determine *’Cs in seawater has been de-
veloped based on Cu-hexacyanoferrates scavenger. The
Cu-hexacyanoferrates supported on cotton cartridges were
used to absorb '¥’Cs from seawater by passing a variety of
large volumes over the cartridges with a slow flowrate.
The Cu-hexacyanoferrates cartridge samples were convert-
ed to ash through a heating step and directly measured
with gamma ray analysis using HPGe detector. The results

of the developed method were compared with the tradition-
al AMP pre-concentration technique. Both results when
using 200 L of seawater samples gave similar values i.e.
0.760 mBqg/L for the AMP pre-concentration technique
and 0.768 mBq/L for the Cu-hexacyanoferrates cartridge
method. This developed method is more cost-efficient and
less time consuming. In addition it can be easily performed
in a sampling field.

Radiolabeled compounds and radiopharmaceuticals
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[#Ga]RADIOLABELLING OF SHORT PEPTIDE THAT HAS A PET IMAGING POTENTIAL

Mohammed Al-Qahtani, Yousif Al-Malki
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Targeting short peptides are gaining interests in the molecu-
lar imaging field. Choosing the radioisotope to label those
peptides is a challenging stage in the process of identifying
the right imaging modality.

All needed reagents and solvents were used with no fur-
ther purifications unless it’s necessary. Peptide used was
purchased from GenScript and used without further purifi-
cations. Reaction progress was monitored using both ra-
dio-analytical thin-layer chromatography (Radio-TLC) and
high pressure liquid chromatographic (Radio-HPLC). Ra-
dio-HPLC analyses were carried out on semi-preparative
Phenomenex C-18 (250 mm x 10 mm). Radiolabeled pep-
tide was detected with the eluting of 0.065% TFA in water
and 0.05% TFA in MeCN at 2 ml/min applying gradient
elution mode. Radiochemical yields were calculated based
on the Radio-HPLC collections. Sodium Citrate Buffer (PH
=7.5) wa the Radio-TLC mobile phase.

Synthesis of DOTA-peptide conjugate. 9.97 E-7 mol of
the intended peptide dissolved in DMSO reacts with 1.18
E-6 mol of (DOTA-NHS-ester) that was prepared in MeCN.
The reaction was done in a phosphate buffer with PH = 8
and heating at 90 °C for 30 min.

G -labeling of DOTA-peptide. **G solution was added to
60 pg of conjugated DOTA-Peptide in 100 pul of HEPES

buffer (PH = 4) and the mixture allowed to react for 30 min
at 80 °C.

[*G-DOTA-Peptide] was analysed on Radio-HPLC; the
ration time of the product was 8.4 min and Radio-TLC
checks for the collected product confirm the high radi-
ochemical purity.
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The labelled peptide is produce in good radiochemical
yields and high radiochemical purity. Initial biological works
are ongoing to evaluate its imaging potential mainly on a
melanoma cell line. The findings will be presented.
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FASTER HIGH RESOLUTION QUALITY CONTROL OF RADIOPHARMACEUTICALS:

RADIO-UPLC VS RADIO-HPLC
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Introduction: For clinical applications high resolution qual-
ity control (QC) of short lived radiopharmaceuticals (PET)
is performed on a radio-HPLC. Radio-UPLC should pro-
vide similar or better resolution quality controls than radio-
HPLC with the advantage of faster measurements. However,
while being identical in measurement method the conver-
sion from one system (HPLC) to another (UPLC) is not as
straight forward as expected. Thus, optimization for ra-
dio-UPLC is required.

Objective: A basic measurement method conversion
from HPLC to UPLC is easily obtained. However, achiev-
ing a resolution and overall quality on UPLC that is as good
or better than on HPLC requires a proper understanding
of parameters that are involved. Therefore, the aim is to de-
termine and optimize the parameter(s) contributing to the
resolution and overall quality on UPLC.

Methods & Materials: Our QC systems consist of an
Alliance HPLC and an Aqcuity H-class UPLC (Waters),
a Nal(TI) crystal and Osprey multichannel analyser (MCA)
connected to an amplifier box (Canberra). Both system are
controlled using Empower software. The connection be-
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tween radio detection and chromatograph was made using
a Waters PCM module (BUS SAT-IN) for HPLC and a Wa-
ters E/SAT-IN module for UPLC. ®*Ga-DOTA?, Tyr*-Octreo-
tate was used as model and analysed multiple times while
parameters such as slope of the gradient, flow of the eluents
and the sampling rate of the Empower software were varied.

Results: The most important parameter for optimization
of the resolution was the interaction time between radioac-
tivity and detector. In case of HPLC this was ~60 s versus
~5 s for UPLC. After decreasing the slope of the gradient
by a factor of 3, the interaction time increased to about 11 s.
Other important parameters are the sampling rate of the
Empower software and the sampling frequency the radio
detector. These were optimized equalizing both to 2 Hz.
This also resulted in a smoother radio peptide peak.

Conclusions: Fast measurements on UPLC at high reso-
lution requires sufficient interaction time between radioac-
tivity and detector. Optimizing this and equalizing sampling
frequency and sampling rate of detector and software re-
spectively resulted in a smoother radio peptide peak and a
better overall quality of the chromatogram.

THE NEW SEMI-PREPARATIVE HPLC DEVELOPED ON FLUORO-18-FLUMAZENIL LABELING
Kang-Wei Chang*, Kai-Hung Cheng, Yuan-Ruei Huang, Jenn-Tzong Chen, Wuu-Jyh Lin

Institute of Nuclear Energy Research, Taoyuan, Taiwan, *e-mail: kwchang@iner.gov.tw

Keywords: flumazenil, GABA ,/BZR receptor, anxiety

Radioactive antagonist, F-18-Flumazenil (F-18-FMZ), is a
potential positron emission tomography agent. The radiop-
harmaceutical can be used to assess the changes in GABA,/
BZR receptors, evaluated the brain damage in stroke, alco-
holism and Alzheimer disease investigation. In this study
we represent carrier-free nucleophilic radiofluorination
method on automatic synthesizer with direct labeling on ni-
tro-flumazenil precursor. The semi-preparative HPLC puri-
fication method has been applied to get high purity of F-18-
FMZ. Replace of solid extraction purification or tradition

method of HPLC purification for radio-synthesis of F-18-
FMZ.

Then, F-18-FMZ NanoPET/CT brain images were ac-
quired from both anxiety animal model disease and bretaze-
nil-treated control group. In the image analysis software
showed that the binding ratios of F-18-FMZ significant-
ly results in prefrontal cortex, hippocampus, cortex and
amygdala in different groups. The result can be a refer-
ence for new drug studies of GABA,/BZR receptor in the
future.
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WITH %Ga-DOTA CONJUGATED PEPTIDES
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In the recent years, gold nanoparticles (AuNPs) proved a
promising tool for cancer diagnostic and therapy, based on
their photothermal properties and ease to surface modifica-
tion. In this study we used functionalized AuNPs as an im-
proved drug delivery tool in pancreatic and colon cancer
cell lines AR42J and HT-29.

Transmission electron microscopy (TEM), dynamic
light scattering (DLS) and phase analysis light scattering
(PALS) techniques have been employed to characterize the
synthesized NPs features such as hydrodynamic diameter
or zeta potential.

Further functionalization with %®Ga-DOTA radiolabeled
neurotensin and somatostatin analogs through N-terminal
primary amine group, has been assessed using wavelength
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shift in the UV-Vis optical absorption spectra.

In vitro tumor binding kinetics evaluation of the radiola-
beled compound has showed over 70% increased retention
of the positron emitter radionuclide **Ga in the presence of
the gold nanoparticles. This result is attributed to receptors
mediated uptake of the nanoparticles inside the tumor,
and their possibility to bind several peptides on their sur-
face, increasing the available radioisotope inside the tumor
cells.
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Positron Emission Tomography (PET) is a medical imaging
technique that consists in introducing into the body of a
small amount of a biologically active chemical compound
labelled with positron-emitting radioisotopes ('*F, 'C,
%Ga). Recently, a variety of ®*Ga-labelled peptides have
been introduced as PET tracers for imaging of somatostatin
expressing tumors.

The increasing clinical demand of %Ga radiopharma-
ceuticals determined the need for optimization of the radio-
analytical methods in the quality control laboratory. The

aim of this study was to select the best method in determi-
nation of radiochemical purity of %Ga labelled peptides us-
ing high performance liquid chromatography and thin layer
chromatography and, also, to optimize the quality control
process. Radiochemical impurities may originate from in-
complete purification and radiolysis after synthesis. Chro-
matographic settings such as composition and flow rate of
the mobile phase and column temperature were the inde-
pendent variables used in the optimization process.
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Several peptides (neurotensin, cRGD, octreotide) conjugat-
ed with macrocyclic chelators (DOTA, NOTA, NODAGA)
were labeled with Ga. Parameters of quality control were in-
vestigated to determine the purity and stability of the products.

The HPLC and TLC methods for comparative measure-
ment of radiochemical purity were optimized and validat-
ed. The HPLC method was found to be precise, accurate
and specific assets recommending its use for determina-
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tion of radiochemical purity ®Ga radiolabelled peptides.
The method was reproducible as the relative standard devi-
ation of the peak area was less than 5%.
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Glioblastoma, a high incidence brain malignancy is one of
the most aggressive cancers with a very low survival rate.
Therefore, in the field of this malignancy, there is a grow-
ing interest in developing new therapeutics and improved
early detection approaches. This work presents the auto-
mated radiolabelling of DOTA-NOC peptide (NODAGA-
dPhe-Cys-1Nal-dTrp-Lys-Thr-Cys-Thr(ol)), a somatostatin
analogue, with %Ga. Binding characteristics of the radiola-
belled peptide on U87 MG glioblastoma cells were deter-
mined using Ligand Tracer method, based on the overex-
pression of somatostatin receptors [ 1]. A short radiolabelling
and purification time (25 min), a very good radiochemical
yield (83%) and radiochemical purity of the final product
in the range of 95-100% were obtained after the process op-
timization and automation. The process parameters are
superior comparing with other ®®Ga-radiolabelled peptides
obtained by our research group, such as ®Ga-DOTA-TOC,
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8Ga-DOTA-(cRGD), and ®Ga-NOTA-(cRGD),. The bio-
logical in vitro study show a rapid uptake of ®*Ga-NODA-
GA-NOC on U87 MG glioblastoma cells and a retention of
70% of the radioactivity up to 85 min, suggesting a promis-
ing receptor specific candidate for detection of glioblastoma.
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Zinc, as an essential trace element, ensures the functioning
of biological systems and multiple signaling pathways of
the body. To perform these functions, there are specific and

nonspecific zinc transporters. Hence the pharmaceuticals
for radiodiagnostic, radiotherapy, antileukemic, anti-shock
and others actions can be produced by introduction of radi-
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oactive (**"Zn) and stable magnetic (°’Zn) zinc isotopes in
the biologically active molecule. As active molecules, we
are using both simple zinc salts, and inhibitors of inducible
NO-synthase (NOS), which is hyper-expressed in the case
of acute leukemia. Some of NO-synthase effectors are
demonstrating cytotoxicity against both different leukemic
cell lines (HL-60, K-562 and MOLT-4) and bone marrow
cells of patients diagnosed with acute leukemia: acute
B-lymphoblasic (B-ALL), acute T-lymphoblastic (T-ALL),
acute myeloid (AML).

Derivatives of 2-amino-dihydrothiazine, 2-aminothiazole
and of substituted thiourea with various substituents are
used as the base of preparations. Compounds of these classes
are radioprotectors or radiosensitizers and easily form che-
lates with zinc.
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Using 7Zn was aimed to consider the possibility of the
magnetic isotope effect (MIE) to impact on leukemic cells
and on the mechanisms leading to acute leukemia and/or
appearing due to leukemia. The MIE is the result of weak
interactions, and its effect was detected only in the case of
patients with B-lymphoblastic leukemia.

Pm7Zn (T,, = 13.78 h) was produced by reaction of 7'Ga
(v, np) *™Zn followed by separation in two steps: by extrac-
tion and chromatography. Thereafter, the isotopes have
been incorporated into chelator and tested for cell cytotoxic-
ity by MTT test and for apoptosis by flow cytometry and
fluorescence microscopy.

The most promising compounds for further research
were selected. It was found the relationship between radi-
omodifying features, NOS-inhibitory activity and cytotox-
icity respect to different leukemic cells.

SYNTHESIS AND BIOAFFINITY PROFILE TO NEUROTENSIN RECEPTORS

OF Ga-DOTA-NEUROTENSIN
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Targeting neurotensin receptors may be used with great suc-
cess in the early detection of many cancers. An increased
expression of neurotensin receptors is an early event that
occurs in 75% cases of exocrine ductal pancreatic adenocar-
cinomas, a very aggressive cancer due to the extremely fast
growth and the inability of the complete surgical resection
treatment [1] and also during colonic tumorigenesis, the
third most common cancer and the third leading cause of
cancer death [2, 3]. This work presents an automated radio-
labeling synthesis procedure of neurotensin (DOTA-pGlu-
Leu-Tyr-Glu-Asn-Lys-Pro-Arg-Arg-Pro-Tyr-Ile-Leu) with
%Ga radiotracer and the affinity and retention study of the
radiolabeled peptide to AR 42]J cell line, widely used as an
in vitro model to study the exocrine pancreas, HT29 and
CaCo2 colonic cell lines. The optimisation of parameters
for the radiolabeling and purification processes and auto-
mation leads to a short time for preparation (25 min), a high
radiochemical yield of 73%, while the radiochemical purity
of the final product was 99-100%. The bioaffinity profile
shows a rapid and high uptake of the radiolabelled pep-
tide in all tested cell lines, while the retention of the radio-

activity in the cells was found to be 30% on the pancreatic
cell line AR42J, 40% on HT29 and 25% on CaCo2 colonic
cell lines, these values recommend further in vivo investiga-
tions of the ®®Ga-radiolabelled neurotensin, as a promising
candidate for the early detection of these types of cancers.
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Alpha-emitters are of the great interest for nuclear medi-
cine due to the high linear energy transfer of a-particles
and recoil nuclei. A pathlength of a-particles in biological
tissue is much less than that of B-particles and comparable
to a cell size (10-100 pm). Being delivered to the tumor
cells, a-particles provide its targeted destruction and mini-
mal damage to surrounding organs.

Among various a-emitters, >>’Ra is one of the promis-
ing candidates for targeted a-therapy. A radiopharmaceuti-
cal Xofigo® on the basis of ?2RaCl, is registered and
produced by Bayer Company for the therapy of bone metas-
tases. Another approach is a targeted delivery of >’Ra using
various transporters to the cancer cells such as peptides, li-
posomes or various inorganic carriers. Hydroxyapatite
(HAP) particles could be considered as possible carriers
of Ra.

Two different approaches to HAP labeling were tested:
sorption of Ra on pre-synthesized HAP-particles and inser-
tion of Ra into the structure of HAP during its synthesis.
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Two textural forms of HAP particles were used — nanoparti-
cles and particles with the diameter of 300+20 um. Kinetics
of sorption of Ra on HAP of different particle size and des-
orption of Ra in 0.9 % NaCl solution was studied. The influ-
ence of solution acidity and solid to liquid phase ratio on
sorption of Ra was evaluated and the sorption yield of up
to 98% was achieved. It was found that the optimal condi-
tions for the sorption includes synthesis of HAP nanoparti-
cles in the presence of ?*Ra at pH 4-7 and following
annealing at 900 °C. In this case subsequent cumulative de-
sorption of Ra is less than 5% of initial activity.

Cross-sectional distribution of Ra inside a HAP particle
with diameter 450-550 pm was studied by autoradiogra-
phy on the plates of polyallildiglycol carbonate. Kinetics of
Ra diffusion into a large HAP particle was estimated.

Using of HAP as carriers is regarded to be prospective
for 22’Ra a-therapeutic applications due to the similarity of
properties of radium and calcium, as well as bioavailability
and biocompatibility of hydroxyapatite.

ONE POT AUTOMATED SYNTHESIS OF [*F|FHBG AS PET HSV-TK GENE REPORTER PROBES
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Objective: 9-(4-['8F]fluoro-3-hydroxymethylbutyl)guanine
(["*F]FHBG) is a sensitive and specific PET reporter probe
for imaging the PET reporter genes, herpes simplex 1 thy-
midine kinase (HSV1-tk) and its mutant HSV1-sr39tk,
An automated and optimized synthesis of ['*F]FHBG has
been developed on the PET-MF-2V-IT-I synthera (PET CO.,
LTD., China), utilizing purification with solid phase ex-
traction (SPE) cartridges.

Method: A two-step procedure was used to prepare
the precursor, N2- monomethoxytrityl-9-[4-(tosyl)-3-mon-
omethoxytrityl-methylbutyl] guanine. ['"*F]JFHBG was pre-
pared by nucleophilic substitution of the appropriate to-
sylated precursors (2 mg) with '®F-fluoride, and subsequent
hydrolysis of the intermediate with protecting group with

1 mol/L HCI at the same reaction vessel, and purification
with a simplified Silica Sep-Pak instead of HPLC.

Results: Using Penciclovir as the starting material, the
precursor was synthesized with a yield of 37%.The radi-
ochemical yield (decay corrected) was 13—16% (n>10), the
synthesis time was 25-30 min, and the radiochemical purity
was >98%.

Conclusions: One pot automated synthesis method of
['"8F]FHBG is easy to operate and can be used with high ra-
diochemical yield and a low amount of the precursor. The
use of PET-MF-2V-IT-I synthera and a Silica Sep-Pak puri-
fication simplifies the handling and shortens the total syn-
thesis time.
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SOLVENT EXTRACTION OF EUROPIUM (1I1+) INTO IMIDAZOLIUM IONIC LIQUID
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Room temperature ionic liquids (RTILs) are organic salts
that tend to melt below 100 °C. RTILs are composed ex-
clusively from ions without a presence of coordinate bonds
between cations and anions. Their unique properties, mostly
negligible vapour pressure, ability to solvate organic, inor-
ganic and polymeric materials, high ionic conductivity,
high thermal and radiation stability, tuneable hydrophobic-
ity make them suitable for separations of radionuclides.
RTILs are currently considered to be a promising replace-
ment for volatile organic compounds (VOCs) widely used
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for radionuclide separation. The solvent extraction systems
containing imidazolium RTILs (1-ethyl-3-methylimidazoli-
um bis(trifluoromethylsulfonyl) imide — [EMIM][NTf2] or
1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)
imide — [BMIM][NT{2) has been studied. In the first set
of experiments, the main aim was focused on europium as
a representative of lanthanides. Extractions at various
conditions — pH, ionic strength — and with aqueous phase
containing various common chelate agents have been car-
ried out.

NEW CHEMICAL DECONTAMINATION PROCESS FOR THE PRIMARY COOLANT SYSTEM

OF ANUCLEAR POWER PLANT

Wangkyu Choi*, Huijun Won, Sangyoon Park, Seonbyeong Kim, Jeikwon Moon
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Keywords: chemical decontamination, primary coolant system, oxidative decontamination, reductive decontamination, hydrazine, catalyst,

waste treatment

The metal oxides formed on the surface of the primary cool-
ant system contain radioactive components, and thus the
oxides are generally need to be removed by means of chem-
ical decontamination to reduce the exposure of workers dur-
ing the decommissioning of a nuclear power plant. As a pre-
liminary test for the decontamination of a radioactive oxide
surface, the kinetics of the reductive dissolution of Fe(III)
oxides, such as magnetite and nickel ferrite in an acidic
solution, has been studied at 95 °C and under various con-
centrations of the reducing agent and catalyst. Transition
metal ions as a catalyst, particularly cupric ions, are fairly
oxidized into cuprous ions in a reductive solution, and its
oxidation on the surface of the metal oxides was found to
strongly influence the dissolution rate of magnetite. In addi-
tion, the kinetics of protonation was studied with a various
concentration of mineral acids for different initial pH val-
ues. As a feasibility test to reconcile the observations of
the separate unit experiments, we integrated the processes
of the solution preparation, oxidative decontamination, and
reductive decontamination followed by liquid waste treat-

ment, into a sequential semi-loop test, which is called a one-
through process. As an oxidative process, we have chosen
the well-known NP (Nitric acid Permanganate) process,
which is for the dissolution of chromium oxides by oxidiz-
ing Cr(IIl) to Cr(VI). The reductive chemical decontamina-
tion agent is composed of hydrazine as a reducing agent,
metal ions of Cu?'/* as a catalyst and inorganic acids such as
HNO, or H,SO, as a H* donor. We have devised this chem-
ical decontamination solution named HYBRID (Hydrazine
Base Reductive metal Ion Decontamination) to generate
less amount of secondary waste owing to the total decompo-
sition of hydrazine into nitrogen and water followed by the
precipitation of ionic species from the waste solution. The
HYBRID process unlike other commercial processes using
oxalic acid and/or EDTA is also advantageous in the man-
agement of secondary wastes since the organic components
in a repository may increase the mobility of radionuclides
by a complexation reaction. In a cycle of the one-through
process, each 4 hour oxidation and reduction process was
performed using the described NP and HYBRID processes
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respectively. After three cycles of a one-through process,
most of the metal components have been dissolved. At the
end of the one-through process, we had a post-decontamina-
tion solution containing dissolved metal ions, cupric ions,
and sulphate ions as well as hydrazine. In the treatment of
this solution, the decomposition of hydrazine was first car-
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ried out using hydrogen peroxide at a temperature above
60 °C and it was confirmed that the total decomposition
reached 100%. The mixed precipitation and ion exchange
process to remove metal ions and anions in the solution was
then applied and accordingly resulted in a significant reduc-
tion of the final waste volume.

TREATMENT METHOD FOR VOLUME REDUCTION OF SPENT URANIUM CATALYST

Dong-Yong Chung®, Keun-Young Lee, Kwang-Wook Kim, Eil-Hee Lee, Jei-Kwon Moon, Jong-Won Choi
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Since the 1970s, a uranium catalyst that is supported by
USb,0,,, a complex compounds of uranium (U) and anti-
mony (Sb), on porous silica (support: SiO,) has been devel-
oped in order to produce acrylonitrile (CH, = CHCN),
a building block of synthetic fiber. A private company in
South Korea had produced an acrylic synthetic fiber using
a uranium catalyst until 2004, and since then has used the
nonradioactive catalyst. Thus, approximately 7,100 drums
of spent uranium catalyst waste, generated before using
nonradioactive catalysts, are stored at their site. Such ura-
nium catalyst waste includes only depleted uranium. Be-
cause these are categorized as radioactive waste containing
naturally occurring radioactive materials, an appropriate
disposal procedure should be performed in the future.

Currently, the radioactivity of the spent uranium catalyst
using the depleted uranium generated within South Korea
conforms with the standards for transferring radioactive
waste to a radioactive waste disposal site operating in the
Gyeongju area. The current disposal cost is approximately
KRW 14 million per 200 L drum. Moreover, the volume
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increases due to the additives added in the process of
preparing the solid form for the disposal of the spent urani-
um catalyst. Therefore, the final waste to be disposed of to-
tals nearly 10,000 drums. As a means of effectively using
the domestic radioactive waste disposal facilities and mini-
mize the secondary waste for decreasing the disposal
cost, an advanced technology is required for reducing the
volume of the spent uranium catalyst by separating U exclu-
sively as much as possible while decreasing the disposal
cost.

The objective of this study is to develop a treatment
method of a spent uranium catalyst. More specifically, this
treatment method considerably reduces the volume of the
spent uranium catalyst and simultaneously minimizes sec-
ondary wastes that can be generated during the treatment
process. The method may be effective in maximizing the
volume reduction efficiency for the spent uranium catalyst
through the processes of dissolving silica supported
USb,0,,, further precipitating silica exclusively and selec-
tively from the mixture of dissolved uranium and silica.

DEVELOPMENT OF AMETHOD OF TRITIUM ACTIVITY DETERMINATION
IN WATER SAMPLES BY ELECTROLYTIC ENRICHMENT
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Radiation Protection Measurements Laboratory of the Na-
tional Centre for Nuclear Research performs environmen-
tal radiation monitoring in the vicinity of Nuclear Centre
at Otwock and National Radioactive Waste Repository lo-

cated at Rozan. Tritium activity determinations in water
samples such as: surface waters, ground waters are, among
others, carried out for the purpose of this monitoring. These
analyses are realized by the use of direct tritium measure-
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ment method (without electrolytic enrichment) whose MDC
is 4 Bgxdm=. However, for the purpose of low-level tritium
measurements, for example in drinking waters, a method
allowing to achieve a lower MDC value was needed. There-
fore, studies aimed at introducing an indirect method of
trittum determination in water samples by electrolytic en-
richment have been undertaken.

In this paper both methods direct and indirect have been
described and compared. For the introduced method of trit-
ium determination by electrolytic enrichment optimal con-
ditions of the electrolysis process were selected. Tritium
enrichment procedure which was applied during this study
is described below. Apparatus containing cylindrical glass
cells with iron cathodes and nickel anodes was exploited
to run enrichment process. Initially each cell was filled with
an aliquot of 200 ml of distilled sample with addition of
NaOH solution. After 48 h of running the process additional
100 ml of the sample were added. The current was stabilized
at 5 A and was reduced to 3.5 A when the volume of the
sample was reduced to about 30 ml. Electrolysis was con-
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tinued until reaching the final volume of 15 ml. Samples
were distilled after electrolysis in order to separate the elec-
trolyte. A mixture of 10 ml of the distilled sample and 10 ml
of Ultima Gold LLT scintillation cocktail (Perkin Elmer)
was prepared. Samples were measured in liquid scintilla-
tion counter Perkin Elmer Tri-Carb 3180 TR/SL.

Preliminary tests of the selected method were carried
out by the use of tritium standard solution. On their basis
parameters describing electrolysis process such as: enrich-
ment factor Z, retention factor K and separation factor
S were determined. Accuracy of the developed method of
trittum determination in water samples was verified by the
participation in interlaboratory comparisons.

The conducted studies have shown that the developed
method of electrolytic enrichment is applicable to low-level
tritium determinations in water samples. Determined pa-
rameters describing electrolysis process are satisfactory
and allow to achieve MDC of 0.2 Bqxdm™ which is over
an order of magnitude lower than MDC for direct tritium
determination method.

DETERMINATION OF THE CAPACITIES OF CERTAIN ANION EXCHANGE RESINS

Noha S. Farahat!, N. H. Kamel’, Bahgat E. ElAnadouly’?
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Radioiodine or iodine 131 is probably one of the most
highly used radioisotopes in the medical field. Being pro-
duced either by uranium fission or neutron bombardment of
a tellurium target, the short lived (8.06 days) well known
beta emitter as well as gamma emitter formed as sodium
iodide targeting the thyroid gland, is used for diagnosing
and treatment of thyroid cancer.

Other than its medicinal benefits and from the radiation
protection point of view, radioiodine being volatile with
high energy, the major health concern is the projections of
the risk of thyroid cancer through the lifetime of the ex-
posed individuals.

Radioiodine is purified by successive steps of ion ex-
change, a highly selective anion exchanger is used baring
tertiary amino and quaternary ammonium groups to sepa-
rate radioiodine from other fission products to yield high-
est radionuclidic and radiochemical purity. A comparative
study was performed on 5 commercial anion exchangers
differing in the number and distribution of their active

groups and radiation induced polymerization poly glycid-
ylmethacrylate resin modified with tertiary ethyl amine
groups was also involved in the study. Factors affecting
polymerization were studied namely monomer concentra-
tion, radiation dose, solvent and time of exposure.

All resins were studied in batch experiments, different
factors were studied as resin weight, ion concentration,
time of contact and temperature. Results were applied in
monolayer isotherms like Langmuir and Fruendlich, to test
the selectivity and total capacity of the resins in interest.
The highest selective resins were employed in column ex-
periments to measure their breakthrough capacity.

The successive stages of anion exchange on the selected
resins were verified by several analytical techniques namely
Infra red spectroscopy and Scanning electron microscope
and EDX. Poly glycidylmethacrylate showed promising re-
sults and more studies to increase its capacity to iodide ions
are yet to be performed.
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METHODS FOR RAPID SEPARATION OF CERIUM ISOTOPES

FROM A MIXED FISSION PRODUCT SAMPLE
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A novel separation technique has been developed to sepa-
rate cerium radioisotopes from trivalent lanthanides and
actinides in fresh fission product samples. Lanthanides are
traditionally difficult to chemically separate due to their
similar properties, such as their tendency to be predomi-
nantly found in their trivalent state. Previous work at the
Pacific Northwest National Laboratory resulted in a new
sequential separation method that utilizes Eichrom’s LN
resin with a nitric acid gradient. This work has removed
several problematic interferences encountered during gam-
ma spectroscopy by separating the lanthanides into discrete
fractions. However, the cerium isotopes consistently co-
elute with other lanthanides and americium, which hinders
certain radiometric detection techniques. The chemistry dis-
cussed in this paper is intended to remove radioactive ceri-
um prior to the gradient separation of the lanthanides and
relies on the oxidation of cerium(IIl) to cerium(IV). Two
methods were tested. The first utilizes sodium bromate as
an oxidant and cerium(IV) is retained on a column of Ei-
chrom’s LN resin, while the other analytes are eluted. The
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second method utilizes lead dioxide mixed with anion ex-
change resin on a column causing the oxidized cerium(IV)
to be retained and later eluted with the intent to purify the
sample of cerium. These chemistries were tested on two
irradiated samples: a plutonium oxide target bombarded
with a deuteron beam and a highly enriched uranium (HEU)
foil irradiated by a thermal neutron spectrum. Results from
the plutonium oxide sample, which was only tested with
the sodium bromate method, produced quantitative separa-
tion of cerium isotopes and >90% recovery of americium
and lanthanide elements. Both methods were applied to the
HEU foil. The sodium bromate chemistry resulted in near
complete removal of cerium, with only 3% of the initial
cerium activity remaining in the americium fraction. The
lead dioxide method resulted in the removal of cerium
isotopes to < MDA levels. These findings indicate the meth-
ods will result in higher decontamination factors of cerium
from lanthanides and americium for improving radiomet-
ric counting methods.

REMOVAL OF CAESIUM AND STRONTIUM USING MODIFIED ATAPULGITE:
EVALUATION OF THERMODYNAMIC AND KINETIC DATA
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Adsorption of radioactive elements onto various solids is
important in purification process, environmental contami-
nation and separation and preconcentration of elements.
Many organic and inorganic adsorbents are used treatment
of radioactive and industrial wastes. Attapulgite clay was
used as an adsorbent to remove of caesium and strontium

from solutions. Organo-clay was synthesized from raw atta-
pulgite by treated an organic molecule. Structural features
of synthesized organo-clays were characterized by XRF,
XRD, SEM, BET surface area and TGA analysis.
Adsorption experiments have been carried out in batch
method. Caesium and strontium adsorption on attapulgite
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clays and organo-attapulgite were investigated in terms of
caesium and strontium concentrations, solution pH, contact
time and temperature effects. The maximum adsorption
efficiency of raw and organo attapulgite in optimum condi-
tions were determined as 80.0+2% and 64.0+2% for caesi-
um; 69.0+1% and 51.0=1% for strontium. Sorption data
have been fitted to the isotherm models of Freundlich,
Langmuir and Dubinin Radushkevic (D-R). It was deter-
mined that for raw clay, caesium adsorption fits Freundlich
and for organo-clay, Cs adsorption fits Freundlich whereas
strontium adsorption fits Langmuir isotherms. Since E value
which is calculated from D-R isotherm is smaller than 8 KJ
mol, it is concluded that caesium and strontium adsorp-
tions on to raw and organo-attapulgite have physical charac-
ter. Thermodynamic parameters such as AS, AH and AG
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were calculated from K values which were obtained in var-
ious temperatures. AS values are calculated as 41.42 J mol™!
K- for caesium adsorption on raw clay, as 58.31 J mol! K-!
for strontium adsorptions on raw clay, as 44.55 J mol! K-
for caesium adsorption on organo-atapulgitte and as 47.67
J mol™' K-! for strontium adsorption on organo-atapulgitte.
AH values are calculated as —4.57 kJ mol! for caesium ad-
sorption on row clay, as 1.91 kJ mol™' for strontium adsorp-
tion on raw clay, as —1.78 kJ mol™" for caesium adsorption
on organo attapulgite and as 0.50 kJ mol™! for strontium ad-
sorption on organo attapulgite. The effect of heavy metals
and rare earth elements in caesium and strontium adsorp-
tion on attapulgite and organo-attapulgite were examined.
It is observed that existence of these elements effect in tre-
mendously caesium and strontium adsorption efficiency.

DECONTAMINATION OF URANIUM-CONTAINING AQUEOUS SOLUTIONS USING LAYERED
DOUBLE HYDROXIDES AND SPIRAL FILTERING ELEMENTS

Viadimir V. Kulemin*, Sergey A. Kulyukhin, Elena P. Krasavina, Vladimir B. Krapukhin, Igor A. Rumer,
Viktor A. Lavrikov, Andry V. Gordeev, Margarita P. Gorbacheva

IPCE RAS, Leninskii prospekt, 31-4, Moscow, Russia, *e-mail: kulemin@ipc.rsi.ru
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One of radionuclides that are quite difficult to remove from
aqueous solutions is U(VI). A great number of various inor-
ganic and organic sorbents have been developed to remove
U(VI) from aqueous solutions. However, only few of those
sorbents retain their U(VI) sorption capacity in aqueous
solutions of complex chemical compositions. The majority
of authors note that the presence of foreign ions in solu-
tion decreases not only the U(VI) sorption rate, but also the
sorption capacity of many sorbents. In addition, most of
the sorbents effectively take up U(VI) in only a narrow solu-
tion pH range. On the other hand, organic compounds and
U(VI) ions could be included together in the composition
of layered double hydroxides (LDH) during their forma-
tion process. The aim of the work was to study the process
of decontamination of uranium-containing aqueous solu-
tions, followed by the removal of the LDH solid phase using
spiral filtering elements (SFE).

The decontamination of 10--102 mol/l UO,*" aqueous
solutions containing humic acids and B-cyclodexstrine or
EDTA during the formation of LDH-Mg-Al-OH was stud-
ied. The formation of LDH-Mg-Al-OH in B 10-~1072 mol/l
UO,*" aqueous solutions containing humic acids and B-cy-
clodexstrine or EDTA resulted in a virtually complete re-
moval of both U(VI) and organic compounds. The degrees
of the decontamination of the aqueous solutions of both
U(VI) and organic compounds were higher than 99.9%.

Using SFE allows removing the LDH-Mg-Al-[U(VI)-
organics]-OH solid phase (with a particle size of more than
5 pum) from the mother liquor virtually completely. In the
mother liquor, only solid-phase particles of nanometric
size are identified.

The study was financially supported by the Institute for
Physics and Power Engineering, Obninsk, Russia (agree-
ment #1/5771) and the Ministry of Education and Science of
the Russian Federation (contract #14.625.21.0001, unique
identifier RFMEF162514X0001).
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Extraction chromatographic resins are of increasing inter-
est for separation and concentration of radioelements dis-
playing similar chemical properties, particularly actinides
and lanthanides. The resins may be used in various practical
tasks, for instance, the isolation of a-emitting radionuclides
for nuclear medicine. One of prospective approaches for
production of medical a-emitters is irradiation of natural
thorium with medium-energy protons [1, 2]. Besides the de-
sired 2Ac, ?’Ra and 23°Pa/?°U, it also results in generation
of a number of spallation and fission products including
lanthanides needed to be eliminated.

The extraction chromatographic resins produced by
TrisKem Int. Company were systematically investigated
for this task, namely, DGA Resin (N,N,N",N tetroctyldigli-
colamide), TRU Resin (octylphenyl-N,N-di-isobutyl carba-
moylphosphine oxide dissolved in tri-n-butyl phosphate),
Ln Resin (di(2-ethylhexyl)orthophosphoric acid), Sr Resin
(4,4°(5)-di-t-butylcyclohexano-18-crown-6).

First, the capacity factor &* values of the radioelements
were determined in static experiments for a wide concen-
tration range of HNO,, HCI and HCIO,. The obtained data
were used as starting conditions for column separation.

DGA Resin and Ln Resin were shown to be effective
for pre-concentration of actinides and lanthanides and their
separation from mono- and bivalent products of thorium
irradiation in nitric medium. DGA Resin was also proposed
for separation Pa(V) and U(VI). Fractions of radioisotopes
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Ac(IIT), La(III), Ce(IIl) were isolated on Ln Resin under
certain conditions.

TRU Resin demonstrated a significant increase in sorp-
tion factor for Ac(Ill) and rare earth elements in a series
HCI — HNO, — HCIO, (0.01-10M). 2—4 M nitric solutions
were optimal for Ac(Ill) separation from lanthanides and
thorium. The combination of TRU Resin and DGA Resin
resulted in recovery of Ac(Ill) with radionuclidic purity
>99.5%.

Sr Resin was studied for separation of Ra(II) from radio-
isotopes of Ba(Il) and Sr(II) as well as from other products
of thorium irradiation. Ra(II), Ba(II), Sr(II) were adsorbed
from 2-4 M HCIO, solution, then Ra(Il) was stripped off
with small amount of 2-3 M HNO; solution. When an anion
exchange resin AG 1x8 was used for pre-purification, it
was possible to obtain Ra(II) fraction with radionuclidic pu-
rity >99.5%.
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Manganese dioxide decorated graphene oxide (GOM) was
prepared via crystallographic forms (a, v) of MnO, fixing on
the surface of graphene oxide (GO). It was explored as an
adsorbent material for simultaneous removal of thorium/
uranium ions from aqueous solutions. In single component
system, the a-GOM, (the weight ratio of GO/a-MnO, was 2)
exhibited higher maximum adsorption capacity toward
Th(IV) (497.5 mg/g)/U(VI) (185.2 mg/g) than that of GO.
In binary component system, the adsorption properties
towards Th(IV)/U(VI) by a-GOM, have been studied un-
der various conditions, for instance, pH, crystallographic
forms and amount of MnO,, adsorption time, ionic strength,
and co-existing ions. The saturated adsorption capacity of
Th(IV) (408.8 mg/g)/U(VI) (66.8 mg/g) on a-GOM, was
higher than those on GO. Based on analysis data, the ad-
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sorption mechanism of Th(IV)/U(VI) on a-GOM, were pro-
posed: (1) the competition adsorption process was presented
in the binary component system, the affinities of a-GOM,
with radionuclides followed the order Th(IV)>U(VI); (2)
four molecular interaction (including complexation, elec-
trostatic interaction, cation-pi interaction and Lewis ac-
id-base interaction) were suggested as primary mechanism
contributing to a-GOM, with Th(IV)/U(VI); and (3) the
Th(IV)/U(VI) favored adsorption onto both sides of the
surface of a-GOM, sheets and likely entered the pores of
a-MnO,. Finally, the Th(IV)/U(VI) on a-GOM, can be sep-
arated by a two-stage desorption process (Na,CO,/EDTA).
Those results displayed that the a-GOM, may be utilized
as an effective adsorbent for removing and potentially sepa-
rating Th(IV) and U(VI) ions from aqueous solutions.

SELECTIVE SEPARATION OF RADIUM ISOTOPES FROM PROTON IRRADIATED

THORIUM TARGETS
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Targeted alpha therapy (TAT) is an effective treatment
method for neoplasms [1]. The main limitation for broader
utilization of TAT is the availability of alpha particle emit-
ting radionuclides. High energy proton irradiation of thori-
um targets results in the formation of several alpha particle
emitting radionuclides (e.g. 2*Ac/?'’Bi, ¥'Pa/?°U/?*?6Th,
227Th/**Ra, etc.). The main radiochemical challenge is the
recovery of single radionuclides from the bulk thorium
mass and the purification from several hundreds of co-pro-
duced fission products. In our previous work [2], we pro-
posed a two-step procedure for the isolation of ?Ac. In this
study, we propose the co-extraction of 22°224223Ra from the
same target.

Methods: The two-step liquid-solid sorption method
that was previously developed for the isolation of ?Ac was
adapted for the separation of Ra isotopes. The thorium
metal target was first dissolved in hydrochloric acid in the
presence of a small amount of ammonium hexafluorosili-
cate. The solution was then converted to a citrate matrix
(1 M, pH 2) and loaded on a cation exchanger resin col-
umn. Under these conditions, the bulk of the thorium mass
passes through the column without significant sorption on
the resin while Ac and Ra isotopes are retained. The column

was stripped with 6 M HNO; and the eluent directly loaded
on a column of BDGA resin. After loading BDGA resin,
was additionally washed with 4 M HNO,. The thorium frac-
tion, originally eluted from the first cation column, contin-
ues to accumulate 22Ra from 2?’Th decay. This fraction can
be reprocessed via the same strategy in order to recover ad-
ditional ?*’Ra.

Results: Ac and Ra isotopes were quantitatively retained
on the cation exchanger, while no detectable thorium was
measured on the solid phase after washing with 10 bed
volumes of 1 M citrate. Furthermore, >99% of the Ra was
eluted from the cation exchanger with 6 M HNO,. This frac-
tion was directly loaded on BDGA resin, whereupon most
of the Ra passed through without sorption while Ac and
other fission products (mainly lanthanides) were retained.
Residual Ra was eluted with 4 M HNO,. The single radio-
nuclidic impurity detected in the Ra fraction was '“Ba, the
removal of which still needs to be addressed.

Conclusions: An effective two-step method for the sepa-
ration of Ra isotopes from irradiated thorium targets was
developed, which can easily be integrated into our previ-
ously developed Ac separation method.
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Workers at nuclear facilities are exposed to internal con-
tamination with radioisotopes. Thus, routine monitoring
programme based on direct measurements (in vivo measure-
ments) and analysis of excreta samples (in vitro measure-
ments) or samples taken from work environment (e.g. water,
air) is carried out. From the point of view of radiological
protection, analyses which can determine if internal con-
tamination with alpha emitters occurs are very important
due the fact that these isotopes are more radiotoxic and
hazardous than others.

For this reason, routine monitoring (individual and of
work area) of the group of people who work with alpha
sources of 23%Pu, 239"240Py or *'Am is established. Despite
the fact that work with alpha sources takes place in glove
boxes, alpha emitters can occur in the air and pose a risk
to workers. Air monitoring is very important because inha-
lation is highly probable route of workers exposure. The
monitoring of air is realized by passing the aerosols from
the air through the Petrianov filter during the working
hours. The filter is replaced once a week, and then the activ-
ity of aerosols collected on the filter is measured. Measure-
ment of filter activity was previously performed in gas
proportional counter. In this type of measurement it is not
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possible to determine the activity of individual isotopes,
only the determination of the global alpha activity in the
sample is possible. Therefore, laboratory developed the
method for plutonium and americium activity determination
in air filters. Radiochemical preparation and alpha spec-
trometry, as a method of measurement, which allow to per-
form qualitative analysis of isotopes occurring in the air
and determine their activity have been used.

In the applied analytical method for plutonium and amer-
icium determination the following steps can be distin-
guished: dry ashing in muffle furnace at 600 °C, wet ashing
with 65% HNO, and 40% HF, selective separation and
purification by anion exchange resin (Dowex 1X8) and ex-
traction chromatography (TRU resin), source preparation
by electrodeposition. Radiochemical yield of conducted
analyses is possible to be determined using **?Pu and **Am
as tracers. Application of described method allows to
achieve high chemical recovery, low minimum detectable
activity and sources containing purified isotopes. Therefore,
analytical and measurement method for plutonium and
americium determination are considered appropriate for ra-
diological monitoring of air aerosols. In this work, the re-
sults of conducted analyses of air filters will be discussed.

EVALUATION OF SORPTION AND DIFFUSION BEHAVIOR OF TECHNETIUM-99 (Tc-99)
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The diffusion and sorption are important processes con-
trolling radionuclide migration in crystalline rocks. Such
processes are typically studied in the laboratory using bore-
hole core samples Distribution coefficients (Kd), apparent
diffusion coefficients (Da) and retardation factor (Rf) ob-
tained by batch and through-diffusion experiments have
been carried out in this work, respectively. The accumula-
tive concentration method developed by Crank (1975) was
applied to realize apparent and effective diffusion coeffi-
cient (Da and De) of Tc. Besides, a non-reactive radionu-
clide, HTO, was initially conducted in through-diffusion
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experiment for assessing the ability of radionuclide retar-
dation. The distribution coefficients (Kd) obtained by
batch tests in 7 days under aerobic condition was 0.64 mL/g.
RfWTe and Kd "™ obtained from accumulative concentra-
tion’s method in through-diffusion test are lower than those
derived from the batch experiments. Therefore, it demon-
strates that reliable Rf and Kd of Tc-99 by through-diffusion
experiments could be achieved at a non-reactive radiotrac-
er (HTO) prior to tests and will be more confident in long-
term performance assessment of disposal repository.

ADSORPTION OF Sr-90 ON PHOSPHOGYPSUM AND FLY ASH/SLAG BASED SORBENTS
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The natural consequence of utilization of nuclear technolo-
gies, next to their straightforward benefits, is generation of
radioactive waste. To ensure safety of the people and envi-
ronment, radioactive isotopes from all technologically
generated wastes be separated and stabilized in order to pre-
vent their release and spreading in environment. Nuclear
energy production is the most important sector generating
all types of nuclear waste concerning their activity level.
The most dominating radionuclides in liquid processing
waste are activated corrosion products (Co-57, Co-60, Cr-51,
Mn-54, Zn-65, etc.) and fission products which can be re-
leased to the cooling circuits due to the nuclear fuel clad-
ding failure and depend on the kind and size of fuel ele-
ment leak. Among these, ones of the highest importance are
strontium isotopes Sr-89 and Sr-90 produced during U-235
and Pu-239 fission, generated with relatively high fission
yields. Sr-90 isotope, characterized by its long half-life of
28.8 years, must be considered as especially hazardous, due
to the fact of biochemical similarity of strontium to calcium
and possibility of accumulation in bones.

For strontium isotopes removal from reactor cooling
water, mainly two different techniques are used: application
of ion exchange resins or solvent extraction methods. First

method is relatively expensive and requires utilization of
large quantities of resins, whereas solvent extraction is tech-
nologically much more complicated and generates addi-
tional amounts of organic liquid wastes. Elaboration of
effective adsorption agents for radioactive contaminants
separation from contaminated waters would lead to more
efficient and more cost effective separation of radioactive
isotopes from media used in nuclear industry.

In our work mineral waste based materials were prepared
and investigated as a potential agents for strontium remov-
al from Sr-90 contaminated water. As a materials used for
sorbents preparation phosphogypsum, fly ash and slags
from coal-fired energy sector were used. Both native as well
as thermally modified waste materials were used in adsorp-
tion experiments in order to estimate their effectiveness to-
wards Sr-90 and Y-90 separation from Sr-90 contaminated
water. Sr-90 and Y-90 isotopes in contaminated water were
determined using liquid scintillation counting technique.
Next to radiochemical separation experiments, prepared
materials were characterized by XRD and SEM techniques.

This research project is supported by the Polish National
Center for Research and Development (NCBR) under the
Grant No.: GEKON1/05/213122/26/2015.
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Objective: 'Ho is a potential radionuclides for targeted
therapy modalities due to the optimal energy of its emitted
beta particle (E;,,, = 1.84 MeV) and Auger electrons
(5.5 keV, 39.7 keV) as well as its half-life (T,, = 26.8 hr).
The targeted radionuclide therapy requires highest grade of
specific activity, as much as possible. The commonly used
method for the production of '*Ho is neutron activation [1]
of 'Ho. Unfortunately the same chemical element of the
bulk target material makes impossible to reach the above
mentioned required high specific activity. Production of
1Ho by double neutron activation from '*Dy is possible
avoiding presence of other isotopes from the same element
in the target and product material. Additionally the separa-
tion method provides stable '““Ho already bonded in a che-
late molecule [2]. Our proposed method is based on the
Szilard-Chalmers effect [3] and provides free '“Ho cations
in water solution suitable for further labelling chemistry.

Experiment and method: 300 mg of Dy,O, was irradiated
by thermal neutrons with flux of 3x10"n/(cm?s) for 7 days
in the SAFAR-1 nuclear reactor, South Africa. After 3 days
of cooling time only the Dy and '**Ho radioisotopes re-
mained in the target. The irradiated target was dissolved in
Imol/dm? HCI acid and the metal ions were labelled to
DOTA-TATE (a functionalised octreotide). This chelate
complex was loaded and trapped on the Strata-X column
and washed by water to clean it from all unbounded metal
ions. After 3 half-life’s of 1Ho, close to the secular equilib-
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rium of the two radionuclides the free '*Ho was washed out
with a chemical yield of 724+3%, which is in good agree-
ment with the theoretical value deduced from nuclear decay
and Auger electron production of '*Dy:.

Results: Studying the dosimetric aspects of the “'Nd/'*’Pr
in vivo generator the release of daughter '“Pr was discov-
ered even from an extremely stable and inert chelator such
as DOTA [4]. However, it was found in our work that the
amount of Auger electrons are in good agreement with the
chemical yield of the released '®*Ho ions [5]. Since the
Szilard-Chalmers effect is more general [3] than only the
nuclear recoil effect but can also include other processes
that results in release of daughter nuclides, therefore we
can interpret our separation method as part of the Szilard-
Chalmers effect.
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Due to technical processes natural radionuclides could be
enriched in the handled media above the geogenically pres-
ent activity resulting in TENORM and, thus, could provide
an additional contribution to the radiation exposure of em-
ployees and general public.

In deep geothermal facilities (in Germany) hoisting
highly saline waters the scales will be formed because of
changes in pressure and temperature. Thereby, the concen-
tration of naturally occurring nuclides 2!°Pb, ??Ra and ??)Ra
can increase from several 10 Bq 1! in the fluids to specific
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activities of 100-1000 Bq g! in the scales. During facility
runtime ?'°Po and ??Th, daughter nuclides of 21°Pb and ?*’Ra,
respectively, are growing in to not negligible amounts.

The determination of radionuclides in excretions is an
important tool in radiation protection assessing the com-
mitted effective dose for employees which in case of natu-
rally occurring nuclides is complicated due to their addi-
tional intake with foods and drinking water.

Within a federally sponsored research project, we have
developed and optimized an analytical technique for the
determination of 2!°Pb, 2!°Po, ??°Ra, ??®Ra and 2**Th in urine
and feces suitable for the routine application in incorpora-
tion control of employees on (TE)NORM working places.
With the analysis of these five chemically and radiological-
ly diverse radionuclides in separate aliquots of 24-h excre-
tions (usually collected for incorporation control) the sam-
ple amount is often not sufficient for achieving appropriate
decision thresholds. Thus, considerations of these facts
resulted in the design of a sequential procedure in which
course the successive separation of 2!Pb, 21°Po, 2*°Ra, **Ra
and ??*Th is enabled from one single aliquot using as much
as possible from the sample. This procedure combines dif-
ferent radiochemical enrichment, separation and purifica-
tion steps as mineralization, wet digestion, autodeposition,
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ion exchange chromatography, liquid-liquid extraction and
extraction chromatography [1-4]. After the preparation of
suitable sources the measurements were accomplished by
y-spectrometry for 2°Ra and ?*®Ra in feces, by a-spectrome-
try for ??Ra in urine, by a-spectrometry for 2'°Po and ?>’Th
in urine and feces, and by proportional counter for 2'°Pb in
urine and feces. Chemical recovery tracers for the a-spec-
trometrically measured nuclides are 2®Po and ??°Th in equi-
librium with 2**Ra. The mathematics for calculation the
chemical yield for 2*°Ra is challenging by the decay charac-
teristics of the short-living and only p-emitting >>*Ra form-
ing the a-emitting daughters >>Ac, ?>'Fr and 2'7At suitable
for this purpose.
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NTAamide(C8), a kind of new N-donor ligand, could selec-
tively extract Am(IIT) over Eu(Ill). A further investiga-
tion on the separation of Am(III) over Cm(III) showed that
SF \wem Value can be increased significantly from 1.66 to
6.5 with the presence of 10 mmol/L TEDGA in aqueous
phase. In view of this point, it can be inferred that the intro-
duction of water-soluble ligand can improve the selectivity
of NTAamide(C8) toward Am(III) over Eu(IIl). Recently,
it was found that SF7 . value could reach 6-10 for the ex-
traction of Am(III) and Eu(III) by TBE-BisDGA in n-octyl
alcohol, which is obviously higher than TEDGA under
the same conditions. Thus, there is reason to believe that
SF, e, Value for NTAamide(C8) could be also improved in
the presence of water-soluble BisDGA.

In this work, a novel water-soluble ligand of TEE-BisDGA
was synthesized and used as a masking agent for selective
extraction of Am(III) over Eu(Ill) from HNO, solution by
NTAamide(C8) in kerosene. In the range of examined acid-
ity from 0.001 to 0.2 mol/L, D, , and Dy, values decreased
with the increase of HNO, concentration. The maximum
SF e 0f ~26 can be obtained in the presence of 0.01 mol/L
TEE-BisDGA at pH 3.0, which was significantly higher
than that case with no TEE-BisDGA. Mole ratio method
and job’s method were employed for mechanism research.
It has been shown that 1:1 complexes of TEE-BisDGA
and NTAamide(C8) with Am(III) and Eu(IIl) are formed,
respectively. TEE-BisDGA had a stronger complex ability
than TEDGA.
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Internal dosimetry of victims is important information for
medical treatment in radiation emergency. Many interna-
tional organizations have recommended radiobioassay for
the efficient medical treatment. In addition, the internal con-
tamination and dosimetry are important information in the
beginning step of radiation emergency. However, it is diffi-
cult to rapidly conduct in-vitro bioassay for verification of
internal contamination in radiation emergency. Especially,
alpha- and beta-emitting radionuclides should be identified
and quantified with in-vitro bioassay method. Those radio-
nuclides must be treated using chemical extraction method
from the raw biological samples. The rapid sequential ex-
traction method can be effectively used as time-saving tech-
nique. In this study, sequential extraction system for rapid
response at the scene was developed and the results showed
good performance.

The system was designed to perform the alpha- and be-
ta-emitting radionuclides analysis of urine samples collect-
ed from victims for internal dosimetry. It consists of sample
and reagent introduction, distribution, and extraction col-
umn parts. Each sample and reagents are supplied using

8-channel peristaltic pump gear, and each supply is distrib-
uted by the solenoid valves following the sequential scenar-
io. To perform the extraction of target radionuclides in a
sample, three borosilicate glass columns with adjustable
endpiece (@10 mm x 100 mm) are applied. In addition, sole-
noid control modules are applied inside the system to pre-
vent the system fails due to heating. The system is controlled
by private program developed using Labview software.

238239Py, 24'Am and *°Sr in urine samples were analysed
for validating the system using TEVA Resin, TRU Resin
and Sr Resin, respectively. Flow rate and flux are impor-
tant factor to perform the efficiency of extraction chroma-
tography. A liquid flow meter was applied and the calibra-
tion of the peristaltic pump following the acidity and flux
was conducted. The chemical yield and flow rate (1, 3, 5
mL/min) were compared and the most efficient values were
discussed compared with the conventional method. To vali-
date the system, synthetic and real urine samples spiked
with certified reference source were analysed and the results
were well agreed with the radiobioassay criteria.
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COMPARISON OF U(VI) ADSORPTION ONTO NANOSCALE ZERO-VALENT IRON
AND RED SOIL IN THE PRESENCE OF U(VD)-CO,/Ca-U(VI)-CO, COMPLEXES
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The influence of U(VI)-CO, and Ca-U(VI)-CO, complexes
on U(VI) adsorption onto red soil and nanoscale zero-
valent iron (NZVI) was investigated using batch adsorption
and fixed-bed column experiments to simulate the feasibili-
ty of NZVI as the reactive medium in permeable-reactive
barriers (PRB) for in situ remediation of uranium-contami-
nated red soils. The adsorption capacity (g, ) and distribu-
tion constant (K, ) of NZVI and red soil decreased with
increasing pH, dissolved carbonate and calcium concen-
trations, but the ¢, and K, values of NZVI were 5-10 times
higher than those of red soil. The breakthrough pore vol-
ume (PV) values increased with the decrease of pH, dis-

solved carbonate and calcium concentration; however, the
breakthrough PV values of the PRB column filled with 5%
NZVI were 2.0-3.5 times higher than the 100% red soil
column. The U(VI)-CO, complexes adsorbed onto the sur-
face of red soil/NZVI(SOH) to form SO-UO,CO,  or
SO-UO,(CO;),*. XPS and XRD analysis further confirmed
the reduction of U(VI) to U(IV) and the formation of
FeOOH on NZVI surfaces. The findings of this study are
significant to the remediation of uranium-contaminated
red soils and the consideration of practical U(VI) species in
the natural environment.
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NEUTRON ACTIVATION ANALYSIS:

A VALUABLE ANALYTICAL TOOL FOR THE BRAZILIAN SUCROENERGETIC SECTOR
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Brazil is the world’s leading producer of sugar, ethanol and
bioelectricity from the sugarcane. The production of sugar-
cane has been around 600 million tons per year mainly har-
vested mechanically. Besides being primarily produced
from the fermentation of extracted juice and molasses from
the sugar industry, the bioethanol can be derived from the
transformation of lignocellulosic biomass (bagasse and
leaves), which account for two thirds of the sugarcane plant.
The industrial productivity is highly dependent on the sug-
arcane quality delivered to the mill. The presence of mineral
impurities provokes losses in the entire process due to
equipment wear, impairment of milling tandem and reduced
calorific power of bagasse. This paper attempts to outline
some of the significant advances of the holistic research ap-
proach in the sugarcane agroindustry using neutron activa-

tion analysis, as follows: soil tracers to evaluating the
amount of soil adhered to the stalks under different climatic
conditions and soil types; efficiency of the sugarcane wash-
ing system; influence of the mineral impurities on wearing
of crushing equipment; dynamics of impurities in the sugar
production; dynamics of chemical elements in the fermenta-
tion process for ethanol production; influence of mineral
impurities on the calorific power of bagasse; mineral impu-
rities in manual and mechanical harvesting systems; repre-
sentativeness of the sugarcane core sampling systems; de-
velopment of a certified reference material of sugarcane
leaves for nutritional and trace elements contents, and as-
sessment of tracers of vegetal impurities in the green cane
harvesting.
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SYNTHESIS AND BIOLOGICAL EVALUATION OF *™Te-HYNIC-EDA-FOLATE
AS A POTENTIAL FOLATE RECEPTOR-TARGETED TUMOR IMAGING AGENT

Ligin Liu*, Xuan Zhang, Fangfang Yuan

Department of Biological Science and Engineering, University of Science and Technology Beijing, the 30th Xueyuan Road, Haidian District,
Beijing 100083, People’s Republic of China, *e-mail: liuligin@ustb.edu.cn
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Objectives: The folate receptor (FR), which is absent in
most normal tissues and elevated in over 90% of ovari-
an carcinomas and at a high frequency in other human
malignancies, is an attractive tumor-selective target [1].
We had reported that *"Tc-Hydrazinonicotinamide-Folte
(*"Tc-HYNIC-Folate) had high tumor tissues uptake in
KB tumor bearing mice [2]. In this study, a novel compound
PmTe-HYNIC-EDA-Folate was prepared using hydrazino-
nicotinamide (HYNIC) as bi-functional chelating agent
according to different length of alkyl spacer, and evaluat-

COOH
\K\/‘( "OOH
(ll) III‘ (iv I (‘)
)‘

{' NH {'\u
H, \}‘ S ‘
Folate bDA&ohw

ed as a potential folate receptor-targeted tumor imaging
agent. Methods: HYNIC-EDA-Folate was prepared suc-
cessfully according to multi-step reaction (Fig. /). HYNIC-
EDA-Folate was labeled with *Tc at 100 °C and pH 5 us-
ing N-(2-hydroxy-1,1-bis(hydroxymethyl)ethyl)glycine
(tricine, 50 mg) and TPPTS (1 mg) as coligands, stannous
chloride as a reducing agent. Biodistribution studies were
carried out in normal mice and Kunming mice bearing KB
tumor. Whole-body gamma imaging was performed using a
Kunming mice bearing KB tumor.

H (‘OOH ||
Y{BQH \/\NH
COOMe 1
=0
viii
(\I) (vii) ( ) {_\“ A
: _N
H, \}\ N‘
NHNH,

HYNIC-EDA-Folate

Fig. 1. Synthesis of HYNIC-EDA-Folate.
(i) TFAA/THEF; (i) THF/ice; (iii) NH,NH,/DMSO; (iv) t-BuoNo/KSCN/THF;
(v) HOOCCH(NH,)COOMeg; (vi) NH,(CH,),NH,; (vii) 6-chloronicotinic acid/NHS, DCC; (viii) NH,NH, , rt

Results: New complexes of HYNIC-EDA-Folate was syn-
thesized and the structure was determined by 'HNMR and
MS. HYNIC-EDA-Folate could be labeled easily and effi-
ciently with *"Tc using tricine/TPPTS as coligands to form
the *mTc-HYNIC-EDA-Folate complex in high yield
(>95%). The vy scintigraphy and the biodistribution of
PmTc-HYNIC-EDA-Folate in Kunming mice bearing KB
tumor showed relatively high tumor uptake, and low accu-
mulation in non-target organs except in the kidneys, sug-
gesting " Tc-HYNIC-EDA-Folate would be a novel poten-
tial tumor imaging agent.

Conclusions: *"Tc-HYNIC-EDA-Folate was prepared
in high yields using tricine/TPPTS as coligands and showed
high tumor uptake and high target to non-target activity

ratios in tumor-bearing mice, suggesting that it could be
potentially useful for folate receptor-targeted tumor imag-
ing agent.
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We measured the isomeric yield ratios for the '"°Pd(y,n)!®mePd
reaction by the activation method with bremsstrahlung
beams of 50-, 55-, 60-, 65-, and 70-MeV generated from an
electron linear accelerator at Pohang Accelerator Laborato-
ry. The induced y-activities of the irradiated samples were
measured by a coaxial high purity Gemanium detector cou-
pled to a PC-based multi-channel analyzer. The necessary
corrections were made to improve the accuracy of the ex-
perimental results. The experimental results at bremsstrahl-

540

ung energies of 50,55,60,65, and 70 MeV were 0.108+0.007,
0.118+0.008, 0.126+0.009, 0.129+0.009, 0.1297+0.009, re-
spectively. The obtained isomeric-yield ratios in the forma-
tion of '“mePd are compared with the corresponding val-
ues found in the other experiments, and they also confirm
the dependence of the isomeric yield ratios on the inci-
dent energy. The present results at 55 MeV and 65 MeV
bremsstrahlung energies are the first measurements.

QUALIFICATION OF %Ge/*Ga GENERATORS FOR RADIOPHARMACEUTICAL PREPARATIONS
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The %¥Ge/*®Ga generators of a chromatographic type is a
glass or polypropylene column with a sorbent based on
Al/Zr/Ti/Sn/Sb-oxides or organic matrix. Qualification of
generators requires different post processing approaches, to
use the eluate for peptides labeling and radiopharmaceuti-
cal formulation.

We have tested the generators (n = 5) over 12 months,
following the yield, elution profile, and also the labelling
parameters and radiopharmaceutical preparation time. ®Ge
content, as radionuclidic impurity, was determined using di-
rect measurement on an ionization chamber and also by
gamma spectrometry. The eluates from tin oxide based gen-
erators are usually containing small amounts of other cati-
ons (Ge, Fe, Sn, Zn), competing with Ga in the chelation
reaction to the bifunctional chelating agents (DOTA/NOTA/
NODAGA) and should be purified prior the radiolabelling
of the peptides. The eluate was converted to GaCl,” and pu-
rified on an anion exchanger, resulting in 0.4 mL of $GaCl,,
500-750 MBq, ready for radiolabelling. The ®Ga solutions
eluted in fractions from organic matrix generator type, were
used without any chemical changes, but a fractionated elu-

tion approach was employed, based on elution profile and
%Ge content in elution fractions, reducing the total process
time and thus, increasing the yield. Radiolabelling process-
es of micrograms of peptides were optimized and trans-
ferred on automated synthesis module.

The average elution yield of organic matrix generators
was over 90%, with 75% of the activity in 2 mL eluate; ®Ge
content in the eluate was stable over 1 year in the range
0.003-0.004%. The elution yield of the tin oxide based
generators is highly dependent on HCI concentration, from
80% with 0.6 M HCI up to 92% with 1 M HCL. Ge-68 in
the eluate rise from 0.002% up to 0.026% at 1 year after the
first elution. Total synthesis time on automated modules
was 20 min and 35 min respectively. The resulting radiop-
harmaceutical has high specific activity as required by re-
ceptors density on the cellular surface, in the order of 10-30
MBg/mg (25-50 MBg/nmol).
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Volumetric modulated arc therapy (VMAT) has been devel-
oped to shorten treatment times and to increase target con-
formance. However, the 3D dose verification is needed. In
current study, N-isopropylacrylamide (NIPAM) polymer
gel dosimeter was used for recording 3D dose distribu-
tion. We developed a CCD-based parallel-beam optical-CT
scanner to perform dose measurement. A cylindrical acrylic
phantom that measured 10 cmx 10 cm was filled with NI-
PAM gel. Two treatment plans of lung cancer SBRT were
obtained for the same PTV by using VMAT and IMRT cal-
culation software. Irradiation was performed using latest
Elekta accelerator (Elekta Axesse™, Sweden), which har-
nesses the ultra-fast leaf speeds of Agility™ MLC to pro-
vide highly conformal beam shaping. The irradiation ener-
gies for IMRT and VMAT were set as 6 MV photons and
prescribed dose was 5 Gy, but their irradiation angles and
dose rates differed during irradiation. The irradiation an-
gles of IMRT were 160°, 130°, 30°, 0°, 330°, 240° and 205°,

and the dose rate was fixed at 500 cGy/min. VMAT rotated
continuously during irradiation, and the dose rate varied
from 133 c¢Gy/min to 562 cGy/min. After irradiation, the
gamma evaluation was used for quantitative evaluation. The
pass rates of IMRT were 93.5%, 93.6%, 100%, and 100% at
depths of 40, 45, 50, and 55 mm, respectively. The pass rates
of VMAT were 99.6%, 100%, 95.6%, and 100% at depths of
40, 45, 50, and 55 mm, respectively. The isodose lines of
IMRT and VMAT were consistent with those of TPS in
most regions. In current study, a simple shape of lung can-
cer was selected. The result showed that the pass rate of
VMAT is higher than that of IMRT even the dose rate vari-
ation of VMAT is greater than IMRT. The result of this
study indicated that the potential usage of polymer gel do-
simeter for radiotherapy. Radiation with higher dose rate
up to 1400 cGy/min will be applied to NIPAM gel dosime-
ter using the same Elekta Axesse™ for further investigation
in the future.
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