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EDITORIAL

While it was not clear last year whether the new La-
boratory of Radiochemistry (LRC) will continue the
tradition of the old Laboratory of Radio- and Envi-
ronmental Chemistry (LCH) of publishing an over-
view of ongoing research in the form of an annual
report, a decision was taken to present PhD students
and staff scientists alike with an opportunity to report

on their progress made during the past year.

Looking back at the first year of operation of LRC in
the Nuclear Energy and Safety (NES) division, | can
draw a very positive conclusion. The NES division is
very well structured and organized. At a workshop for
all NES group leaders in Filzbach (SG), it became
evident that the know-how and competences of LRC
ideally complement the NES division. In turn, LRC
was welcomed without any reservations and, thus,
LRC found a division within PSI where its research
topics and language are understood. An extremely
positive sign was that Dorothea Schumann’s group, in
collaboration with the Hot Laboratory, was able to
acquire a research project funded by Swissnuclear. In
2016, two students successfully defended their PhD
theses, namely, Patrick Steinegger who graduated
with “summa cum laude” and Nadine Chiera - both
from the Heavy Element group. | am very happy to
communicate that in 2016 seven (!) new PhD students

and two PostDocs have joined LRC.

Scientifically, LRC continues to make a significant
impact. In 2016, a total of 44 papers were published
by members of LRC as main authors or co-authors.
Noteworthy is an article by former PhD student Ber-
nadette Hammer-Rotzler in the European Physical
Journal Plus that featured on the cover of the July
issue. In this article, the distribution and surface en-
richment of radionuclides in lead-bismuth eutectic
from spallation targets was investigated. The radio-
pharmaceutical laboratory in Bern prepared two

quality dossiers for Swissmedic and received a limi-

ted distribution license for the diagnostic radiophar-
maceutical ®*Ga-PSMA-11 and the therapeutic radio-
pharmaceutical *"Lu-DOTATOC in early January
2017. Furthermore, congratulations go to two of our
graduate students which were awarded prizes; Nadine
Chiera won a prize in the category 3rd/4" year PhD
student at the 8" NES PhD Day, while Katharina
Domnanich was the winner of the oral presentation

award at the NRC9 conference in Helsinki.

Our social outing in mid-2016 took us to the Spiez
Laboratory, where we were introduced to its facilities
and instrumentation. The Spiez Laboratory belongs to
the Federal Office for Civil Protection (FOCP) from
nuclear, biological, and chemical warfare and is
among the leading institutions of its kind worldwide.
Due to inclement weather, we then visited the Tro-
penhaus in Frutigen, which offers a unique indoor
tropical garden featuring an interactive exhibition and
an integrated fish farm. The year-end function was
organized by the LRC-PhD-Party-Organizing-
Committee (LP?OC) and led us to Baden for a visit of
its brewery, where we were able to sample their latest

creations, followed by an apero in a local restaurant.

From the laboratory overview above, it is apparent
that the new LRC - following its separation from
LUC - is going strong and continues to generate high-

quality research.

Olectoeas N

Andreas Turler






ATTEMPT TO INVESTIGATE THE ADSORPTION OF Cn AND FI ON Se SURFACES

N. M. Chiera, R. Eichler, B. Kraus, S. Martz, A. Tirler, Y. Wittwer (Uni. Bern & PSI), R. Dressler, D. Piguet,
A. Vigele (PSI), N. V. Aksenov, G. A. Bozhikov, V. I. Chepigin, S. N. Dmitriev, S. Madumarov, O. N. Malyshev,
Y. A. Popov, A. V. Sabel’nikov, P. Steinegger, A. I. Svirikhin, G. K. Vostokin, A. V. Yeremin (FNLR, JINR)

In order to confirm the Cn / t-Se chemical interaction
observed in [1], and to shed some light on the chemi-
cal behavior of Flerovium, additional on-line studies
with Hg, Cn, and FI on both trigonal and amorphous
selenium surfaces were performed in Fall 2016 in
Dubna, Russia. During the entire experimental cam-
paign, four **’Pu oxide targets (1.3 mg/cm® **Pu,
50 pg/cm? "*Nd admixture) were used. A “®Ca’®*
beam with a primary energy of 276 MeV was deliv-
ered from the U-400 cyclotron, in order to produce
%Hg and *Fl in the nuclear fusion reactions
Y2Nd(*®Ca,5n) and 2*?Pu(*®Ca,5n), respectively. The
evaporation residues were thermalized in a recoil
chamber internally covered with quartz, and trans-
ported with a mixed gas flow (Ar/ He - 30:70, 2
L/min gas flow rate) through a 4 m long PFA® Tef-
lon capillary to the thermochromatographic detection
system COLD [2]. A vacuum evaporation and depo-
sition technique for a homogeneous coating of the
silicon detector surfaces with Se was applied. The
detectors freshly covered by red amorphous Se were
stored in darkness, at a pressure of 10 mbar to pre-
vent recrystallization. They were mounted under red
light into COLD as Det#2-7 and #9-16. Det#1, 8 and
7 were uncovered detectors with SiO, surfaces and
Det#18-32 were covered with Au. Despite a total
target beam dose of 2.6 x 10" “®Ca*™® particles and
an estimated transport efficiency of 63% for *Cn
and 2% for ®Fl, no decay events associated to the
two SHEs were observed during the entire experi-
mental campaign. Unfortunately, after the change to
the second **’Pu target, a massive contamination of
the recoil chamber and the detection system by un-
known volatile organic compounds occurred. Despite
thorough cleaning efforts, the results from the re-
maining experiment are ambiguous. During the first
part of the experiment (i.e., while using the first 2?Pu
target), the ***Hg (ty, = 45.2 s; E, = 5.65 MeV) depo-
sition pattern revealed immediately an advanced
crystallization (>95%) of the thin layers of red amor-
phous Se, as well a slight contamination of the first
Au detectors Det#18 (70%) and Det#19 (40%).
Moreover, an efficient transport of **At (ty, = 7.2 h;
E,=5.87 MeV) to the COLD setup, produced in
nuclear transfer reactions, was observed (Fig. 2). The
deposition pattern of this At species, here referred to
as AtO4H,, was reproduced in Monte Carlo simula-
tions, revealing its higher volatility in comparison to
elemental At [3]. In [4], an At species with similar
volatility was already observed and ascribed to
AtHO. However, the different experimental condi-
tions and gas carrier composition from the ones re-
ported in [3] does not allow for an unambiguous
identification of the At species observed here. In fact,
the on-line gas composition analysis by MKS CIR-
RUS 2 mass spectrometer showed a H,O and O,
content below the ppm level, and a dew point of

-99.8 °C was measured with a Michell Easydew®
sensor. Furthermore, due to the high efficiency of the
Ta getter included in the gas loop, a ratio of
H,:H,0:0, of 10:1:1 was obtained in the gas carrier.
The harsh conditions in the recoil chamber may al-
low for the atomization of the hydrogen traces in the
gas carrier, yielding to a considerable amount of
atomic H able to react with At. Hence, it cannot be
excluded that the observed transport of #!At is relat-
ed to the formation of a hydride species, e.g. HAL,
similar to the already observed in situ formation of
BiH; and PoH, [4]. This interesting observation
needs to be confirmed in further data analysis and
future experiments.
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Fig. 1: Experimental **Hg deposition pattern (grey
bars) and its related Monte Carlo simulation (red
line), indicating a contamination of the first Au cov-
ered detectors.
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Fig. 2: Experimental #!At deposition pattern (grey
bars). The contamination of the Au detectors and the
crystallization of the Se detectors are included in the
Monte Carlo simulation (red line).
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STABILITY OF GROUP 6 HEXACARBONYL COMPOUNDS M(CO)¢

R. Eichler (PSI & Univ. Bern) for the “Carbonyl” collaboration*

Second generation experiments are under way to in-
vestigate the thermodynamic stability of the intramo-
lecular bond between the central metal atom of com-
plexes and the ligands addressing the influence of
relativistic effects in the heaviest compounds. The
relevant thermodynamic measure for this property is
typically represented as the first carbonyl bond disso-
ciation enthalpy (FBDE). Relativistic density function-
al theory indicates the hexacarbonyl species of Mo, W,
and Sg as the most stable ones and suggests a stability
(FBDE) increase towards the heavier elements [1].
Model experiments with isotopes of Mo and W re-
vealed [2,3] that thermal decomposition studies on a
silver surface assess the FBDE on a molecular level. A
typical decomposition setup used for this purpose
comprised a tubular flow reactor of 1 m length and 4
mm inner diameter entirely covered inside with thin
silver foils. The reactor could be heated to defined
temperatures between room temperature and 600 °C.
The amount of hexacarbonyl species able to pass this
reactor in dependence of the selected isothermal tem-
perature is measured in comparison to the total amount
produced. In a three weeks campaign, first decomposi-
tion experiments with 2°°Sg(CO), have been performed
successfully. The preliminary results are shown in
Figure 1 (Sg(CO)s red symbols). The results obtained
previously [2,3] for Mo(CO)¢ (blue symbols) and
W(CO); (green symbols) are shown. A kinetic decom-
position model was developed superimposing gas
chromatographic transport of species through the open
tubular reactor with heterogeneous decomposition of
the species upon adsorption on the inner surfaces of
the reactor [3]. This model is applied to relate the
decomposition observations to the FBDE given for the
hexacarbonyl complexes and was used in [3] to formu-
late an expectation for the behaviour of Sg(CO)e based
on the predicted stability from [1] (see Fig. 1, red
shaded area). The final data analysis of the experiment
is ongoing and certainly one obvious outcome is, that
more data is required to improve the statistical signifi-
cance of the interesting observation. Therefore, the
finalization of the experimental work is highly desira-
ble in the near future. Even more exciting are the re-
sults of recent predictions from relativistic density
functional theory [4] revealing a lower stability of
Sg(CO)e compared to W(CO)e (see Fig. 1, grey shaded
area).
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Fig. 1: Experimental decomposition curves of

Mo(CO)g (blue symbols), W(CO)s (green symbols),

and preliminary for Sg(CO)¢ (red symbols). The pre-

diction intervals for Sg(CO)s as given in [1,4] are

shown (shaded areas).

[1] C. S. Nash, B. E. Bursten, J. Am. Chem. Soc.
121, 10830 (1999).

[2] I. Usoltsev et al. Radiochim. Acta 104, 141
(2016).

[3] I. Usoltsev, R. Eichler, A. Tirler, Radiochim.
Acta DOI: 10.1515/ract-2015-2447 (2016).

[4] M. llia§, V Pershina, Inorg. Chem. DOI;
10.1021/acs.inorgchem.6b02759.
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IMPROVED SET UP FOR THE EVALUATION OF CARBONYL COMPLEX
FORMATION OF FISSION PRODUCTS AS MODELS FOR SHE

Y. Wittwer (Univ. Bern & PSI), R. Eichler, D. P. Herrmann (PSI), A. Tirler (Univ. Bern & PSI)

Since the first synthesis and detection of a Sg carbonyl
complex was reported by Even et al. [1] in 2014, a
number of experiments were initiated in order to fur-
ther investigate the molecular properties of this new
compound. Along this direction model experiments
were performed to investigate the thermal stability of
group 6 hexacarbonyls under various conditions [2]
and a model was developed to quantify thermodynam-
ic dissociation enthalpies from these experimental
results [3]. First research campaigns investigating
seaborgium carbonyls were performed at GSI and
RIKEN [4]. Despite all of this experiments resulting in
very promising results, it appears that especially the
experiments with the transactinide element are suffer-
ing from low statistics, which can be partially assighed
to very low chemical yields of the desired carbonyl
complexes and the formation of yet unidentified side
products. In order to understand and tackle these prob-
lems, we decided to construct a new experimental
apparatus that allows us to perform a number of model
experiments targeted at identifying factors influen-
ceing the formation of various carbonyl complexes
synthesized at a single atom scale. From the re-
evaluation of older datasets, we are especially expect-
ing impurities in the synthesis gas and the kinetic en-
ergy of the carbonyl forming nuclei at entering the
reaction chamber to be crucial factors for the for-
mation of carbonyl complexes. Both factors will be
controlled by the new setup.

Sicapent” H,O-getter J

TEPAN CO,-getter

—
Mass-Flow-
Controller

Mass-Spectrometer

Easidew
Hygrometer

=Cf-50urce
Fig. 1: Principle of the new apparatus. The red arrows
show the gas flow direction, the round circles repre-
sent valves that are used to separate different parts of
the apparatus.

The apparatus is based on the working principle of
Miss Piggy [5] that was already successfully used by
Usoltsev et al. [2] for their model experiments. A #*Cf
source mounted in a Teflon housing produces a con-
stant amount of fission products recoiling out of the
source. The source is flushed with a gas stream, allow-
ing volatile products to leave the housing and being
trapped in a charcoal trap, where they can be detected
by a HPGe y-detector. By adding carbon monoxide to

the gas stream, the formation of volatile carbonyl
compounds is initiated.

Basically, the new setup can be divided into three
parts as shown in Fig. 1: A gas purification loop, a
simple oven with bypass suitable for decomposition
studies and the source itself. The gas purification loop
consists of three purification steps, thereby following
a well-established cleaning arrangement that was
already used successfully in experiments at RIKEN.
Briefly, a first column filled with MnO is used for
catalysing the transformation of trace oxygen with the
surplus carbon monoxide to carbon dioxide followed
by a TEPAN-on-PMMA filled column for removin%
the produced CO, and a last one filled with Sicapent
for the removal of water. The purity of the used gas is
constantly monitored using a MKS CIRRUS 2® mass
spectrometer and a MICHELL-Easidew® hygrometer.
The use of an internal loop purification unit allows us
to work under much cleaner conditions than it was
possible using the initial setup with Miss Piggy [2-3].
Additionally, the purification is constructed to allow
an easy exchange or regeneration of each cleaning
column.

Fig. 2: Representation of the new ***Cf fission source.
Most prominent is the wheel containing 8 holes for
different stopping foils and a blind position for closing
the source. Above the wheel, the reaction chamber
with gas in- and outlets is visible. The holder contain-
ing the %*2Cf sample is placed directly below the recoil
volume. The entire setup is surrounded by a vacuum
tight chamber.

While in the old Miss Piggy setup it was not possible
to adjust or vary the energies at which the recoiling
fission products enter the gas, the new source design
provides an easy way to achieve this. As pictured in
Fig. 2, a wheel is placed directly above the 2*2Cf-



source holder containing a number of holes, spanned
with aluminium foils of different thicknesses. Thus,
simply by turning the wheel the energy of the fission
products entering the gas flushed reaction chamber
can be selectively degraded. Fig. 3 shows a series of
simulations using the TRIM software by J.F. Ziegler
[6] and an empirical correction factor to account for
the overestimation of gas stopping powers commonly
done by TRIM [7]. The figures illustrate the possibili-
ties to stop fission products emitted by the 2*2Cf-
source in the adjacent reaction chamber. Through
variations of the used gas mixture and stopping foils,
the stopping position as well as the energy distribution
can be easily adjusted.

1|Parameters: |
"] |-Stopping Foil: 3 um
8+ |-Emission Angle: 0°

]|-Gas: He/CO

Range [cm]

3]l « 10%cCO
1| = 25% co
24| « 50%CO
14| = 75%CO |
+  100% COL~

-3 -2 -1 0 1 2 3
Axial Displacement [cm]

(=}

1 |Parameters:

9‘_ -Stopping Foil: Varied
g o [-Emission Angle: 0°
1|-Gas: He/CO, 50:50 [

Range [cm]

Axial Displacement [cm]

Fig. 3: Example of simulations showing the effect of
different gas compositions on the range of Mo as it
is produced by a *’Cf-source located at the origin.
The schematic of the reaction chamber (see also Fig.
2) is shown in the background in order to illustrate the
position of ions after complete stopping. The wheel
containing the stopping foils is placed directly be-
tween the chamber and the x-axis (not shown here).
Note that there is an additional 6 um Al foil perma-
nently placed as a source cover included in the simula-
tion. For each picture, 1000 ion-trajectories were sim-
ulated with an emission angle of 0° with respect to the
y-axis. All simulations were done using the TRIM
software[6]. Top: Emission through a 3 um Al-foil
into a reaction chamber filled with He/CO-mixtures of
different compositions. Bottom: Emission into a
50:50 He/CO-gas mixture with varied Al-stopping-
foil-thicknesses.

The source is designed to easily allow the exchange of
the pre-stopping foils in order to insert different foil
thicknesses or even different foil geometries. The
main parts of the reaction chamber are manufactured
from PFA®-Teflon in order to minimize adsorption
effects of the produced, volatile species. All the non-
Teflon parts which might come in contact with the
formed carbonyl compounds are made out of Al,
which was shown previously not to interact with the
fragile species [2].

After a series of simulations using the TRIM software
and a number of Monte Carlo Simulations implement-
ed in Matlab®, we decided to use aluminium foils with
thicknesses between 3 and 20 um together with a
simple, flat geometry in our first experiments. If a
serious effect of the stopping range on the formation
of carbonyls is identified, a dome-like shape of the
pre-stopping foils might be considered to account for
the various emission angles of the fission products.
Even if the experiments done with Sg are the trigger
for this project, we are also planning to extend our
studies to group 7, group 8, and possibly group 9 ele-
ments, which should be easily possible using the same
setup. Since most parts of the new apparatus are al-
ready build and ready for operation, we expect the
apparatus to be fully useable in the first quarter of
2017.
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ISOTHERMAL VACUUM CHROMATOGRAPHY OF ?!Ph ON SiO,

B. Kraus, R. Eichler, A. Tlrler (Univ. Bern & PSI), P. Steinegger (FLNR)

Gas chromatographic investigations have been and still
represent the state-of-the-art chemical investigations of
transactinides [1, 2]. The short half-lives of these ele-
ments forced scientists to develop very fast and highly
efficient systems, which led to highly sophisticated
experimental setups [2]. Nevertheless, their advance-
ment still requires further development, especially
with regard to speed, which could offer an even broad-
er range of shorter-lived heavy elements to investigate.
The speed gain can be achieved by evacuating the gas
chromatographic setup and exploiting the molecular
flow regime. This regime is governed by the so-called
“random walk” as particles move due to adsorption
and desorption processes in random directions of
straight trajectories without collisional interactions.
One of the methods which rely on the molecular flow
regime and the random walk is the isothermal vacuum
chromatography (IVAC). The continuously running
IVAC method is spotlighted in this report, where lead
(Pb) was investigated as a lighter homolog of element
114, flerovium (FI), regarding its adsorption behavior
on a quartz surface.

Detector incased in
watercooled Cu-block

End oven

Isothermal oven
Start oven

Fig. 1: IVAC setup with three independent ovens and
cooled diamond detector.

The desired lead-isotope #'Pb was provided by an
intermetallic Pt/*’ Ac source, and was released into the
one-side closed quartz column by continuously heat-
ing the source in the start oven part to above 1000 °C.
The temperature of the quartz column could be varied
using the isothermal oven. Freshly prepared diamond
detectors were used for the detection of the single
atoms of #'Pb or its decay daughter **'Bi by on-line
alpha-spectroscopy. A Monte Carlo approach is often
chosen to simulate radioactive decay and the random
walk, and ultimately to determine the thermodynamic
properties from experimental results [3] — in this case
an existing Monte Carlo simulation (MCS) written in
Pascal/Delphi was adapted to the programming lan-
guage C# and extended in regard to feature the real
temperature profile of the used IVAC setup. As a
validation for the code’s correctness, the simulated

data of a previous experiment performed with Tl on
SiO, [4] achieved results in good accordance to the
experimentally determined values.

Surprisingly, the comparison of simulated data (see
Fig. 2) with the first experimental results (black sym-
bols) revealed an adsorption enthalpy of about
-AHgs = 235 to 240 kJ/mol. Empirical correlations
between the microscopic adsorption enthalpy and the
macroscopic sublimation enthalpy expect this adsorp-
tion interaction for PbO. The anticipated Pb would be
expected in the range of ca. -AH,s = 160 to 205
kJ/mol.
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Fig. 2: Comparison of experimental (black) and simu-
lated results (coloured).

In general, the IVAC method was successfully applied,
but it needs further chemical R&D to obtain elemental
Pb. The future use of Ta metal foil in the hot region
inside the starting oven shall secure the elemental state
of Pb. The success of this tweak represents an im-
portant prerequisite also for the future investigations of
transactinides Nh to Lv. Therefore, the model system
presented in this report is very valuable and will be
further exploited. Furthermore, the advancement of the
IVAC method described in [4] to an applicable on-line
method for direct investigation of short-lived super-
heavy nuclei at an accelerator site will be pursued,
especially with a focus on speed investigations and
efficiency optimizations.

[1] K.J. Moody, et al., The Chemistry of Superheavy
Elements. 2" Ed. (2014).

[2] A. Tdrler, V. Pershina. Chem. Rev. 113, 1237
(2013).

[3] [I. Zvara; The Inorganic Radiochemistry of Heavy
Elements. 1% Ed. (2008).

[4] P. Steinegger, etal., J. Phys. Chem. C 120, 7122
(2016).
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CHARACTERISATION OF SAMPLE AND TARGET THICKNESSES USING
ADVANCED ALPHA-SPECTROSCOPY SIMULATION

R. Dressler (PSI)

A major prerequisite to extract cross section data from
nuclear reaction studies is the knowledge about the
composition, content, and thickness of the target. The
technical demands to handle and characterise radioac-
tive targets are more complicated compared with tar-
gets using stable isotopes only. The radio protection
regulations, but also the mechanical sensibility and the
particular uniqueness require special care.

The determination of the absolute thickness of the
target assembly plays a special role, if charged parti-
cles are involved in the entrance- or exit-channel of the
nuclear reaction. Not only the thickness of the deposi-
tion layer containing the target isotopes but also the
thickness of backing- or cover-foils must be known if
the kinetic properties of the charged particles are di-
rectly exploited to determine the wanted quantity.

Performing suitable measurements of layer thickness
with uncertainties of less than 10% is a challenging
task for such samples. On the one hand measurement
using a mechanical profilometer cannot be applied to
radioactive or very fragile samples without risk to
destroy the sample or contaminate the measurement
device. On the other hand the use of an optical pro-
filometer is limited to transparent samples. In addition,
both types of profilometry are relative measurements
related to a well-defined reference height within the
sample setup in the device itself.

An alternative approach to determine layer or deposi-
tion thicknesses is to exploit the energy loss of a-
particles passing the entire sample assembly.

Alpha-rays as a current of massive charged particles
lose a considerable amount of their kinetic energy
while passing matter. An extensive data collection of
stopping force measurements of a-particle in various
media exists (see [1] for an overview and [2] and [3]
for all available data) and present-day Monte-Carlo
simulation codes take advantage of this knowledge.

We present here investigations utilizing the “advanced
alpha-spectroscopy simulation” (AASI) program ver-
sion 1.1 [4-6] to characterise the deposition-layer and
backing thicknesses of a (24.47 + 0.53) GBq 'Be target
produced at PSI [7]. This target was used recently to
measure the excitation function of the astrophysical
interesting 'Be(n, o)*He reaction at the experimental
area Il of n_TOF facility at CERN [8].

The AASI program provides the energy response of
silicon-based detectors using a Monte-Carlo approach
taking into account not only the intrinsic detector pa-
rameters as they are the intrinsic full width at half
maximum (FWHM) of the electronic signal, the thick-
ness of the silicon substrate but also the thicknesses of
the detector dead layer, two independent tailing pa-
rameters describing the fast- (1/A) and the slow-tailing

(1/p) as well as the area ratio between both tailings (p),
the material between the detector and the source, and
the thickness of the source itself (self-absorption ef-
fects). In addition, scattering effects of the a-particles
onto the source backing and a-B-coincidence summing
effects were taken into account.

Fig. 1 visualizes the change of the energy spectrum if
different features related to target or detection were
activated in the Monte-Carlo simulation. The o-spectra
were simulated using 5 x 10" particles emitted from a
7.8 mm diameter sample placed in 21 mm distance in
front of a PIPS silicon detectors (Canberra A-450-
21AM, 450 mm’ active surface, silicon substrate
150 pm, dead layer 50 nm SiO,, 21 keV guaranteed
resolution). To simplify the discussion of the effects
changing the spectra a hypothetical mono-energetic
5500 keV a-emitter was used.

10°4  physical effects in AAS/
10"+

natural line
5 pure response

10" { —— detector dead layer
—— sample tickness
10°4 residual air

only fast tailing

| — beoth tailing

counts per 0.1 keV

5400 5425 5450 5475 5500 5525

energy [ keV ]
Fig. 1: Physical effects taken into account using AASI
visualized for the case of a 5500 keV o-emitter.

The dark green line symbolizes the spectrum of the
emitted a-particles. The natural line with of a-rays is
connected via the Heisenberg Uncertainty Principle
with the live-time of the decaying isotope. For all
known a-emitters the natural line width is very small
and does not exceed 1 peV even for the very short
lived. The green line shows the signal from the bare
Si-crystal connected to the amplification and digitisa-
tion stages. The wine, magenta, and orange line shows
the additional energy degradation effect of the dead-
layer, the self-absorption in the 20 nm thick sample
and in the residual gas between the sample and the
detector (about 12 mbar), respectively. The red and
blue lines show the effect of additional tailing parame-
ters. At least two such tailing parameters are needed
for a reasonable model description of experimental
spectra [9]. There is a notable energy shift caused by
the used convolution formula as a mathematical arte-
fact.

The most important prerequisite to determine layer
thicknesses is an as god as possible determination of
the four detector immanent peak shape parameters



(FWHM, 1/A, 1/p and p) and the intrinsic energy shift
between recorded and simulated spectra. In addition to
fixing these parameters, special care must be taken to a
stable operation of the a-spectroscopic setup to prevent
unobserved gain- or offset-drifts. The estimation of the
shape parameters was performed using a two-step
minimum least square estimate, first of the FWHM
and the fast-tailing parameter and subsequent of the
slow-tailing and the area ratio of the tailings.

In Fig. 2 the spectrum of a *Am reference source
recorded over 16 h (grey line original; dark green
shifted by 17.61 keV) is plotted together with AASI
results wusing the best fit shape parameters
(I/x=5.57keV, 1/u=51.08keV, p=47.81 and
FWHM = 16.19 keV).

bare **’Am standard

10°

4 *'Am standard
10" — shifted 'am

fit without coincident summing
fit with coincident summing

10°1

10°

counts per 3.468 keV

104

15100 5200 8300 5400 5500
energy [ keV ]

Fig. 2: Comparison of a recorded and shifted spectrum

of a **Am standard with AASI results without and

with coincident summing

Although #*Am is one of the common used reference
nuclides for a-spectroscopy, it exhibits the special
feature that in coincidence with the most abundant o-
particles energy Auger electrons with energies be-
tween 6.04 keV and 13.52 keV are emitted which may
pile-up with the registered a-particles energy. These
pile-ups affect most prominently the high energetic
part of the spectrum. Fig.2 shows in addition the
AASI results without (red filled area) and with (green
filled area) coincident summing. Although the AASI
results agree well considering the coincident summing
effect, the high energy edge is not sufficient repro-
duced and is therefore not taking into account further.

pure Al-backing
Sim-
——*'Am standard
Fit*'am standard
10° ——*'Am + Al backing
Fit “'Am + Al backing

(dE/dx),, = 915 keV
Lot il il

Sim-1T

Max, = 5472 keV
Max, = 4557 keV

counts per 3.468 keV

3500 4000 4500 5000 5500

energy [ keV ]
Fig. 3: a-spectra of **Am standard without and with
Al-backing between the source and the detector.

Finally, both effects to the recorded spectrum — the
energy shift as well as the change in the shape —where
respected to determine the layer thickness of the
investigated samples. The fit was realized first varying
only the Al-thickness yields and after that tuning the

layer fluctuation. A value of (5.25 £ 0.07) um for the
thickness and (0.50 + 0.02) um for the fluctuation was
obtained. Fig.3 shows the best result of the Al-
backing (blue line recorded data, blue filled area best
AASI fit) in comparison to the data of the pure ***Am
standard (green line and green filled area).

The same procedures were applied to the final molecu-
lar plated ‘Be target after performing the experiments
at n_TOF CERN. Herein, it was assumed that berylli-
um was deposited as Be(OH), and the above obtained
parameters for the Al-backing were used. At least,
three different layer thicknesses are needed to describe
the measured peak shape reasonably. To keep the
number of parameters small, no thickness fluctuations
were taken into account. Fig.4 shows the obtained
results of the pure **Am standard (green line and
green filled area) and the 'Be target (blue line)
together with deduced energy degradations. The main
part of the deposition about 84% of the surface exhibit
a thickness of (1.04 £ 0.40) um (red filled area), about
1% was covered with a (3.02 £ 0.83) um layer (blue
filled area), and whereas about 15% of the surface
shows a significant depleted deposition simulated as
empty part (yellow filled area).
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——*'Am standard
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o
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Fig. 4: a-spectra of ?Am standard without and with
molecular plated target between the source and the
detector.
These investigations established a suitable method to
determine layer thicknesses of inactive and also highly
radioactive samples using energy loss measurements
of a-particles in connection with sophisticated Monte-
Carlo simulations.
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ANITA (ADVANCED NETWORK FOR ISOTOPE AND TARGET LABORATORIES) — THE URGENT
NEED FOR AN EUROPEAN TARGET PREPARATION NETWORK

D. Schumann (PSI)

A wide number of research fields in the nuclear sector
requires high-quality and well-characterized samples
and targets (Fig.1). In contrast to this, only a handful
of laboratories is currently able to deliver the required
services. Coordination of activities and sharing of
resources is therefore mandatory to meet the increas-
ing needs. This very urgent issue has now been ad-
dressed by 6 European target laboratories with an
initiative called ANITA (Advanced network for iso-
tope and target laboratories):

e Target chemistry group (Laboratory of Radiochem-
istry, Nuclear Energy and Safety Research De-
partment) at Paul Scherrer Institute Villigen (PSI),
Switzerland

e Target preparation laboratory (Institute for Refer-
ence Materials and Measurements) at European
Commission, Joint Research Centre Geel (EC-
JRC)

e Target laboratory (Heavy lon Laboratory) at the
University of Warsaw, HIL-UW, Poland,

e Target laboratory (Institut fir Kernchemie) at the
Johannes Gutenberg-Universitat in Mainz, (JGU)
Germany

e Target laboratory at the Helmholtz Centre for
Heavy lon Research Darmstadt (GSI), Germany

e Target laboratory at Grand Accélérateur National
d’lons Lourds; Caen (GANIL), France

The global aim of ANITA is to establish an overarch-
ing research infrastructure service for target production
and develop a tight cooperation between the target
laboratories in Europe in order to improve the produc-
tion technique of well-characterized samples/targets.

Basic nuclear
physics

Cosmo- and
Geoscience

A"

Nuclear medicine and radi-

opharmacy

Moreover, the interaction of the target laboratories

with the research teams using these targets shall be

triggered and/or intensified to deliver targets best-

suited for the envisaged experiments. For the realiza-

tion of this ambiguous goal, efforts within the Europe-

an Commission and strong support by the target-using

communities will be necessary. In particular, an ap-

propriate funding instrument has to be found and ap-

plied, enabling ANITA to develop from an — by inter-

ested parties triggered - initiative to a real coordination

platform.
The following objectives are envisaged:

e |dentification and promotion of synergies with
other target producers

e Establishing of a network between the presently
leading European infrastructures for isotope and
target production

e Development of an open access data base on iso-
tope production facilities and target manufacturers

e Coordination of targets requests, sharing of capaci-
ties, distribution of demands

e Transnational visits of scientists and especially
students and Postdoc for knowledge exchange and
training

e Development of new, innovative equipment for
specific applications, accessible for the entire
community

e Basic research on target preparation methods and
characterization techniques; development of new,
improved techniques

e Acquisition of new partners and, also outside Eu-
rope, to broaden the network

Nuclear energy research

Superheavy element
research

o/

Nuclear astro-

physics

Fig. 1: Sketch of the synergies between different scientific and applied research fields and isotope and target
production sites.
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EVAPORATION AND ADSORPTION BEHAVIOUR OF RADIOTRACERS RELEASED
FROM IRRADIATED TELLURIUM DOPED LBE

E. Karlsson (Univ. Bern & PSI), J. Neuhausen, A. Végele (PSI), R. Eichler, A. Turler (Univ. Bern & PSI)

INTRODUCTION

To cope with the growing stockpiles of high level
nuclear waste around the world, novel reactor designs
are required. There is a need for designs which are
capable of repurposing used nuclear fuel as well as
using new fuel in a more efficient way. An example
of such a design is a fast reactor which is capable of
making use of U in the fuel as well as using **Th
as fuel and also burning off minor actinides in spent
fuel. For these types of reactors one can no longer use
water as a primary coolant as it would moderate the
neutrons to thermal energies which are less suitable
for fissioning #*®U [1]. Suggested coolants for these
reactors are instead gases, molten salts, or heavy
liquid metals such as lead or LBE (lead-bismuth
eutectic) [2]. This work is focused on LBE as a cool-
ant, studying the evaporation behaviour of fission
products as well as activation products from LBE
samples and their deposition on SS316L stainless
steel surfaces.

EXPERIMENTAL

Preparing samples for these experiments was done by
mixing 2 mass% of tellurium into liquid LBE similar
to the procedure described in [3]. The sample was
then irradiated using the SINQ-neutron source with
10" neutrons/cm?s for three hours yielding mostly
Bl from the (n,y) reactions with *°Te as well as
activation and spallation products from lead and
bismuth.

The experiments were conducted using a gas loop to
which a gradient tube furnace was connected along
with a starting furnace to initially evaporate the sam-
ple, a Sicapent® moisture absorber and a dew point
meter (Michell PuraOEM) to monitor the moisture
content. At the end of the tube furnace, a carbon filter
was installed to prevent contamination of the gas
loop. Along the tube furnace a temperature gradient
was applied from 1000 °C down to room tempera-
ture. The gases used in the experiments were helium,
oxygen, and hydrogen. These three were selected to
represent an inert, oxidizing, and reducing environ-
ment. Flow rates varied between 28-45 ml/min (oxy-
gen 28 ml/min, hydrogen 30 ml/min, helium
45 ml/min) due to difficulties calibrating the mass
flow controller at such low flow rates. The flow rates
were verified using a mini-BUCK Calibrator M-5
from A.P. Buck Inc.

From the irradiated sample smaller pieces of approx-
imately 50-100 mg were cut to be used in the exper-
iments. After cutting the sample it was placed in a
stainless steel boat. This boat was subsequently
placed inside a stainless steel column in the position
where it would sit inside the starting furnace when

the column was inserted into the furnace.

The starting furnace was set to run at 700 °C to en-
sure complete evaporation of the iodine while not
evaporating the LBE-matrix itself [4]. After the ini-
tial evaporation period of 90 minutes the starting
furnace was turned off and after an additional two
hours the tube furnace was switched off as well as the
gas flow.

The stainless steel column was measured using an
HPGe-detector with a lead collimator in single cen-
timetre steps yielding a distribution of the activity
over the column. This distribution was used as a basis
for a Monte Carlo simulation of the gas phase
transport and adsorption deposition of iodine and
other radionuclides in the column. The Monte Carlo
simulation was fed with experimental data such as
column material data, pressure, gas, experiment time,
as well as the temperature gradient. This was com-
bined with a guess of the adsorption enthalpy which
was altered until the simulated deposition pattern
fitted the experimental results. Thus, an adsorption
enthalpy AH,gs Of the species at zero surface coverage
with the column material was deduced.

RESULTS AND DISCUSSION

From the plots of the activity distribution in Fig. 1 a)
through c) it can be qualitatively concluded that io-
dine forms compounds with low to very low adsorb-
ance on stainless steel in all three gases.

The experiment in dry helium atmosphere (Fig.1 a))
was performed first in the series after the irradiation,
which is likely the explanation why 2Tl is visible, as
it has a rather short half-life (26.1 h) [5]. Due to the
inert conditions thallium would be expected in its
elemental form, however, contaminants such as mois-
ture or oxygen can never be completely excluded. In
this case, macroscopic amounts of iodine would be
expected to be in either monoatomic or dimeric form.
However, with the iodine concentrations present in
these experiments two iodine atoms are unlikely to
interact with each other, therefore generally, simple
compounds formed from trace contaminations in the
carrier gas containing one single iodine atom or just
atomic iodine are expected.

For dry oxygen atmosphere (Fig.1 b)) the situation is
more complex as the iodine is now in a reactive envi-
ronment, where it can form additional compounds.
Two depositions are observed here, one at 48 °C and
one at 28 °C indicating very weakly adsorbing com-
pounds. Speciation in this case is very difficult as
many more variables are introduced compared to the
inert helium case. The chemistry of iodine oxides is



complex and many of these compounds are not well
characterized [6]. Beside the rather simple 10, and
IOH, according to [6, 7] even the endothermic radical
IO can exist as gas phase species that could form in
the present experiments at high temperatures. How-
ever, it remains questionable whether these species
are stable enough to be transported over hot steel
surfaces to low temperatures in the gradient tube.

The highest-temperature iodine deposition in this
experiment series appears under dry hydrogen at-
mosphere (Fig.1 c)). Given the low deposition tem-
perature, this species still has to be considered weak-
ly adsorbing on stainless steel. Based on chemical
reasoning the deposited species could be hydrogen
iodide.
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LBE doped with Te in dry He-atmosphere on SS316L
=
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Fig. 1: Histograms of iodine and thallium depositions
(red and green curves, respectively) observed in the
experiments with steel and dry (a) helium, (b) oxy-
gen, (c) hydrogen as the carrier gas. The blue line is
the temperature gradient over the column and the
dashed histograms are the output of the Monte Carlo
simulation from which AH,g; is calculated.

After the experiment series was finished, a longer -
measurement of 2 hours was performed on the char-
coal filter, which was attached downstream of the
steel column.

The spectrum obtained can be seen in Fig 2. Peaks
corresponding to *®*Hg and **'1 were found in the
spectrum. The iodine is likely one or more com-
pounds with yet weaker adsorption formed either by
reaction with the gas in the hydrogen/oxygen-
experiments or with impurities such as small amounts
of H,0O. The mercury deposition in the charcoal filter
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HPGe-measurement of charcoal filter (7200s)
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Fig. 2: y-spectrum of the charcoal filter measured for
2 hours after finishing the LBE series of experiments
with dry gases on stainless steel. **!I and **Hg y-
peaks are visible as well as x-rays of Au originating
from Hg decay.

indicates either that a mercury compound with low
adsorbance has been formed or that the steel surface
is completely oxidized preventing the metallic inter-
action of elemental mercury with Cr, Ni or Fe. Meas-
uring their adsorption enthalpies will require further
cooling by means of either dry ice or liquid nitrogen
to bring the temperature of the cold side of the col-
umn down. Mercury was observed depositing on
oxide surfaces and ice with ~30-42 kJ/mol at -(130-
160) °C [8].The results of this experiment series
indicate that iodine released from LBE forms several
different weakly adsorbing species depending on the
gas used. For better speciation, further experiments at
varied controlled partial pressures of the involved
reactive gases and perhaps additional methods are
required.
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ADSORPTION BEHAVIOUR OF CAESIUM ON FUSED SILICA AND STAINLESS
STEEL SURFACES

E. Karlsson (Univ. Bern & PSI), A. Colldeweih, J. Neuhausen (PSI), R. Eichler, A. Tirler (Univ. Bern & PSI)

INTRODUCTION

To license a new reactor design one needs to be able
to make accurate simulations of its behaviour during
operation as well as during anomalous events. Doing
this properly requires knowledge about physical and
chemical properties of all materials involved in the
design.

This work is concerned with determining adsorption
enthalpies of caesium by evaporating it and observing
its adsorption behaviour on stainless steel and fused
silica surfaces in various gases to which a temperature
gradient is applied. The deposition data gathered from
these experiments is then fed into a Monte Carlo
simulation program from which the characteristic
adsorption enthalpies can be extracted that represent
crucial data for deposition and transport modelling in
real scenarios.

EXPERIMENTAL

To investigate the adsorption behaviour of caesium a
technique called thermochromatography is used. This
is based on evaporating caesium nitrate marked with
37Cs in a gas stream which is passed over a negative
temperature gradient tube furnace reaching from
1000°C down to room temperature in a stainless steel
or fused silica column. The various gas compositions
used are helium (inert), oxygen (oxidizing) or hydro-
gen (reducing) with varied moisture contents. When
using the dry gases the moisture content is monitored
using a dew point meter (Michell PuraOEM) and a
Sicapent® absorber is installed to remove residual
moisture. From the dew point meter readings a water
content of between 2-20 ppm (vol %) in the dry ex-
periment gases could be calculated. The oxygen con-
tent is not monitored; however, a tantalum getter is
used to reduce it. For the moist gases a bubbler is
installed to saturate the gas with water at room tem-
perature prior to entering the column. Preparing the
sample is done by allowing a droplet of a CsNO;
solution (stable caesium with ~5kBq *¥’Cs tracer,
roughly 10" Cs atoms in total) to evaporate on a
piece of tantalum foil (or gold foil in the case of oxy-
gen) which is then placed in a stainless steel boat
inside the column. The gradient is measured by al-
lowing it to establish along the tube furnace and stabi-
lize over a few hours before inserting a K-type ther-
mocouple in centimetre steps yielding the temperature
over the whole column. Starting the experiment is
done by turning on a starting furnace enclosing the
initial Cs sample upstream of the gradient furnace to
evaporate the sample. The only exception to this is
the experiment with oxygen atmosphere done in a
different setup where the sample is pushed into the
hottest part of the gradient at the start of the experi-
ment.

After finishing the experiment the column is scanned
in centimetre steps using a lead collimator with a 1-
cm-long window in front of an HPGe y-detector to
determine the distribution of activity in the column.

This data along with the experimental parameters
such as temperature gradient, time, gas flow speed,
pressure, as well as material (minimum oscillation
period) and dimensional (inner diameter, length) data
for the column is fed into a Monte Carlo simulation
program. The program takes this data along with a
guess of the adsorption enthalpy and simulates the
path and deposition pattern of a large number of par-
ticles as they travel down the column. This is repeated
while the adsorption enthalpy is adjusted until the
simulated deposition pattern agrees best with experi-
ment.

RESULTS AND DISCUSSION

In helium (Fig. 1 a) caesium forms two different
species with quite different adsorption behaviour. It is
difficult to say with greater precision what they are as
the atmosphere is dry and inert. The remaining reac-
tion partners for the caesium are the stainless steel
surface, the nitrous gases, nitrogen, and oxygen re-
leased from the nitrate and hydrogen released from
the tantalum getter.
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CsNG! in dry He-atmosphere on SS316L

_ AH, =-2185klimol
T, =606C
2P AW =-158 khimol
A Huy
LT, P=362C

10 20 30 40 50 &0 70 80 w0 2
Position in column [cm]

II:sNO1 in dry Gz-almosphcm on S8316L
\.-\___\._\ H.m_ = -23.2 ke Nmaol
_ Ty =769 [+
= & Hy, =-90 kiimol
Ty =T36C
10 20 30 40 50 &0 70
Paosition in column [cm]
c)

CsNO, in dry H,-atmosphere on SS316L
1000 f——__ ' ' ' ' ' '

e A M =214 Kdimol
T, =609C
~Laep

I.C' 20 ) 30 o 40 b:l.'l [(;;Jl- -_(6 &0 €0
osition in column [cm

Fig. 1: Histograms of the **’Cs depositions observed
in the experiment with steel and dry (a) helium, (b)
oxygen, (c) hydrogen as the gas. The blue line is the
temperature gradient and the dashed histogram is the
output of the Monte Carlo simulation from which the
AH,g; is calculated.
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Fig. 2: Histograms of the **’Cs depositions observed
in the experiment with fused silica and moist (a)
helium, (b) oxygen, (c) hydrogen as the gas. The blue
line is the temperature gradient over the column and
the dashed histogram is the output of the Monte Carlo
simulation from which the AH,g; is calculated.

The stainless steel surface is made up of a number of
elements (Fe, Cr, Ni) in various chemical states
which undergo structural changes and reactions de-
pending on the temperature as well as on what at-
mosphere is applied and how it has been stored, mak-
ing it difficult to get a clear view of what is happen-
ing at the atomic level [1]. Though, it is obvious that
caesium does not form compounds in dry helium that
adsorb weakly in contact with stainless steel. The
same can be said for dry oxygen and hydrogen in Fig.
1 b) & c¢) while acknowledging a very small amount
of caesium transported to low temperature in oxygen.

It is again very difficult to state with confidence what
this species is as calculations (Gibbs energy minimi-
zation [2]) performed indicate the formation of a
single species at the given conditions (CsO,). What
must be considered though is that these calculations
may have insufficient thermodynamic data as they
disagree with literature, which suggests that CsO,
decomposes already at temperatures lower than the
observed adsorption temperature [3]. There is also a
more likely scenario that the small peak at 74 °C is
actually a “hot” particle dislodged from the deposi-
tion at higher temperature or more likely from the
starting position, as the thermal nitrate decomposition
is typically quite violent. Otherwise, reactions of
CsO, with transition metal oxides likely formed on
the steel surface in oxygen atmosphere can generally
not be excluded. To support the discussion of surface
interactions of possible Cs-species with the steel, it is
worthwhile to also investigate their interaction with
fused silica, since for this material an empirical corre-
lation exists between the sublimation enthalpies of
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oxides and hydroxides and their adsorption enthalpies
[5] that could allow a speciation of the deposited
caesium. In the present study, such experiments have
been performed only in moist carrier gases so far.

Despite the presence of moisture as an additional
impurity, the situation with the fused silica is still
much simpler compared to steel because of its less
complex composition and its rather inert character.
For example, growth or reduction of surface oxide
layers that may play a significant role in adsorption
on steel will not occur on fused silica surfaces. Also
the capacity for diffusion of the gases into fused
silica is low [4]. However, the reaction of the alkali
metal species with silica may further complicate the
interpretation. In Fig 2. a) - ¢) the thermochromato-
grams of caesium on fused silica in the different
moist gases are depicted, showing only strongly ad-
sorbing species. Applying the above-mentioned em-
pirical correlation between sublimation and adsorp-
tion enthalpies for the most likely candidate in a
moist atmosphere (CsOH, calculated by Gibb’s ener-
gy minimization [2]) gives large discrepancies, the
absolute value of the adsorption enthalpy derived
from the sublimation enthalpy [6] being about a fac-
tor of 2 smaller than the value determined from ex-
periment. This can be explained by the caesium spe-
cies having a strong interaction with the fused silica
surface, which, as expected earlier, goes beyond
normal reversible adsorption making the correlation
ineffective in this case. The reaction of silica with an
oxidized alkali species is supposed to be stronger
than for the metallic species. Our observations of
higher deposition temperatures in oxygen support
this.

The adsorption behaviour of caesium on the exam-
ined surfaces shows favourable features with a good
outlook with respect to nuclear safety. Further exper-
iments will include more conditions such as moist
stainless steel and dry fused silica as well as noble
metals to get a more complete overview of the ad-
sorption behaviour and some prospects for catcher
materials.
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PREPARATION OF LBE SAMPLES CONTAINING Cs FOR VOLATILIZATION
STUDIES

I.1. Danilov, J. Neuhausen, A. Vogele (PSI), E. Miiller (PSI/LBR)

INTRODUCTION

Within the HORIZON2020 project MYRTE [1], pre-
vious studies on the volatilization of radionuclides
from liquid lead-bismuth eutectic (LBE) relevant for
the safety of future accelerator driven systems [2-4]
will be extended to measuring the volatilization behav-
iour of fission products such as caesium and iodine
from dilute solutions in LBE. It is planned to quantita-
tively determine the release and deposition of these
elements using radiotracers. A prerequisite for this is
the production of LBE samples that contain suitable
radiotracers of the studied elements. Furthermore, to
acquire results that allow extracting physicochemical
data for the considered fission product element in
dilute solution in the liquid metal, it is important to
ensure that the radiotracers present in the sample actu-
ally do form a homogeneous dilute solution in the
liquid LBE. For this purpose, it is necessary to avoid
the formation of oxides containing the radioactive
tracers that are insoluble in the liquid metal and there-
fore tend to separate from the metal phase, as for ex-
ample observed for electropositive elements in LBE
spallation targets [5]. The current strategy for produc-
ing samples containing caesium in dilute LBE solution
is based on mixing metallic caesium with LBE and
subsequent neutron irradiation to obtain ***Cs as tracer
isotope that can be quantified by y-spectrometry. Be-
cause of the high affinity of caesium to oxygen, all the
work has to be performed under inert gas or vacuum.
Furthermore, since LBE as obtained from the manu-
facturer contains substantial amounts of dissolved
oxygen, it is required to reduce oxygen content of the
LBE before sample preparation in order to avoid oxi-
dation of the caesium. In this report we describe exper-
iments to prepare LBE samples containing relatively
high caesium concentrations that are going to serve as
stock samples which will be diluted with inactive LBE
after neutron activation to produce the samples for the
actual evaporation experiments.

SAMPLE PREPARATION PROCEDURE

Cs was purchased from Aldrich Chemical Co. (99.5%
pure ingot). The LBE represents the material to be
used within the MYRRHA project and was supplied
by Belgian Nuclear Research Centre in Mol
(SCK-CEN). Chemical analysis of the LBE was per-
formed at SCK-CEN by neutron activation analysis
and ICP-MS (Bi-55.5% / Pb-44.5%; main impurities
are: K: 200 ug/g, Ca and Fe: 60 pg/g each, Si and Na:
30 pg/g each, Ag: 20 ug/g, Se: 9 ug/g, Cu: 5 pug/g).
For the reduction process a Tantalum-foil purchased
from Sigma Aldrich was used (purity 99.9% and 0.05
mm thickness).

In order to reduce the oxygen content, the LBE-

material was wrapped in tantalum foil and sealed in a
quartz glass ampule under vacuum (5.4 x 10 mbar)
supplied by a turbomolecular pump. The batch was
heated at a rate of 10 K/min up to a holding tempera-
ture of 1000°C and processed for 6.5 hours.

Mixtures of LBE with Cs were prepared under high
purity argon atmosphere (99.998 Vol%) in a MB
200MOD / 20-G glove box (O, and H,O concentra-
tions < 1ppm) manufactured by MBraun company.
The glass ampoule containing the caesium raw materi-
al was opened by cutting with a grinding machine
equipped with a diamond blade. In order to prevent the
oxidation of the Cs, the material was transferred into a
gas-tight storage vessel.

For the weighing of the materials we used a balance
with a precision of £ 0.0001 mg (Mettler Toledo).
About 2 g of the reduced LBE in form of pieces of
about 4 x 3 mm was placed in a boat that was placed
on the balance. Then, an appropriate amount of Cs was
added directly onto the LBE-pieces. After a short in-
cubation time that depended on the ambient tempera-
ture in the glove box, an exothermic reaction took
place, accompanied by the release of a green colored
fume within one minute. The intensity of the reaction
and released fume quantity depends very strongly on
the amount of Cs added to the LBE. For Cs amounts of
2 mass% of the LBE, the reaction was relatively mild
and a black-grey sintered powder was obtained as
reaction product. When larger Cs amounts were used
(5-10 mass% with respect to the amount of LBE), the
reaction was much more vigorous, causing the metals
to melt and form a piece of grey alloy after reaction.
The reaction products were then placed into a quartz
glass ampule which was sealed under vacuum (10~ to
10°° mbar).

The samples were then homogenized at elevated tem-
peratures. Different homogenization temperatures
(300, 450 and 600 °C) were tested to optimize the
procedure. The material was heated with 50 °C/h up to
the holding temperature and held there for 14 hours.
Subsequently, the samples were either quenched or
slowly solidified to room temperature. After pro-
cessing at 600 °C a brown staining of the ampoule
walls was observed, while after homogenization at 300
°C and 450 °C the ampoules remained colourless.

PHENOMENOLOGY OF PHASE FORMATION

The samples were ground and polished for the metal-
lographic examination of the surface by SEM and for
EDX analysis. Since the alloy is a fairly soft material,
we used emery sheets with grit in the range P1200-
2500. During the examination of the samples with 2%
content of caesium processed at 300 °C a certain ten-
dency to form a bismuth-caesium phase was detected
(see Fig. 1).



Fig. 1: Polished surface of the sample processed at
300 °C and slowly cooled to room temperature. SEM-
Mag.: 189X, Size of green bar: 30 um.

Tab. 1: Results of EDX-analysis performed at differ-
ent positions of the sample shown in Fig. 1

Position | Cs, Atom% | Pb, Atom% (Bi, Atom%
1 25.75 0.21 74.04
2 49.14 -2.51 53.37
3 29.27 -0.08 70.81
4 30.04 0.28 69.68
5 0.28 1.47 98.26
6 0.16 59.36 40.47
7 1.34 96.64 2.02
8 29.64 6.06 64.30
9 0.55 62.15 37.31

Apparently, this phase is significantly harder than the
surrounding material and hence forms elevated plat-
eaus on the surface after grinding and polishing. The
two other samples processed at 450 and 600 °C, re-
spectively, show less pronounced formation of a Cs-
and Bi- rich phase and are more homogeneous, espe-
cially the quenched samples.

Fig. 2: Plateau observed on the surface of a sample
processed at 300 °C after grinding and polishing. In
the region of the plateau increased Cs and Bi concen-
trations were detected.

IRRADIATION OF THE SAMPLES

Various samples were irradiated with neutrons in the
SINQ Neutron Source of PSI (typical neutron flux
10%n-cm™2.s™, 1 h irradiation). Apart from **Cs, typi-
cal activation products of LBE such as ***Bi, 2*°Bi and
23Hg were detected in the sample by y-spectroscopy.
The activated samples contain sufficient **Cs activity
for the planned evaporation studies. As a next step, the
homogeneity of the activity distribution will be studied
by y-spectroscopy before evaporation studies are start-
ed.
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MEASUREMENT OF THE "Be(n,a)*He REACTION CROSS-SECTION FOR THE
COSMOLOGICAL LITHIUM PROBLEM AT THE n_TOF FACILITY AT CERN

M. Barbagallo, A. Mussumara (INFN Bari), S. Heinitz, E. A. Maugeri (PSI), N. Kivel (PSI/AHL), R. Dressler,
D. Schumann (PSI) and the n_TOF collaboration

The theory of Big-Bang Nucleosynthesis (BBN) is one
of the most powerful and reliable cosmological models
describing the production of elements in the early
stage of the Universe. It successfully predicts the
abundance of primordial light elements such as H, D,
and “He [1]. For these, as well as for many other iso-
topes produced in the first minutes of the evolution of
the Universe, the predictions of the BBN theory agree
very closely with experimental observations of pri-
mordial abundances. The only exception is represented
by the "Li. In fact, the relative abundance of this iso-
tope predicted by the BBN theory differs from the one
inferred from observation of galactic halo dwarf stars,
the so-called “Spite plateau halo stars”, by as much as
a factor of 3. This discrepancy is at present one of the
most important unresolved problems in Nuclear Astro-
physics, known as the so-called “Cosmological Lithi-
um problem” (CLiP) [2]. Several mechanisms have
been put forward to explain this difference: new phys-
ics beyond the Standard Model, errors in the inferred
primordial "Li abundance from the Spite plateau stars
and, finally, systematic uncertainties in the Nuclear
Physics inputs of the BBN calculations. With respect
to this last point, since primordial ‘Li is produced
mostly by electron capture of 'Be, a possible explana-
tion for the 'Li-puzzle could be related to an underes-
timate of ‘Be destruction due to the use of incorrect
cross sections for neutron-induced reactions on this
isotope, in particular for the unknown "Be(n,a) one.
While charged particle induced reactions have been
ruled out as possible solution to CLiP in the past, no
measurements existed for this reaction cross-section in
an extended energy region, namely the range of inter-
est for Nuclear Astrophysics, mainly due to experi-
mental difficulties arising from high specific activity
of this isotope (13 GBg/ng).

The Be(n,0)*He reaction-cross section has been
measured for the first time in a wide energy range at
the newly built second experimental area of the n_TOF
facility a CERN [3]. At the neutron energies under
investigation, the two a-particles are emitted back-to-
back with a maximum energy of 9.5 MeV each. The
detection system used in the measurement consisted of
two detector sandwiches, each sandwich composed by
two single pad silicon detectors 140 um thick and 3x3
cm® wide [4]. Each sandwich hosted a 1.4 ng 'Be
sample, corresponding to about 20 GBq activity. Both
samples were prepared at Paul Scherrer Institute (PSI),
although two different techniques were used to pro-
duce them [5]. The first sample was electroplated on a
5 um thick Al foil and the second one was prepared by
droplet deposition on a 0.6 um thick polyethylene foil.

Such a system allowed to detect in coincidence the
o—particles emitted, providing a peculiar signature of

the occurrence of 'Be(n,o) reactions and a strong re-
jection of any other source of background. Further-
more, the use of two different sandwich detectors
provided redundancy and allowed on the one hand to
compare the rate of true events, and on the other hand
to estimate the background related to random coinci-
dences evaluated by analysing uncorrelated pairs of
detectors. The real and random coincidences can be
clearly distinguished in Fig. 1, which shows the ampli-
tude correlation for all silicon pairs: top left and bot-
tom-right panels are related to pairs of silicon hosting
the ‘Be samples while all the others refer to uncorre-
lated pairs of detectors.

Fig. 1: Scatter plot for signal amplitudes in all possible
pairs of detectors of the stack. Top left and bottom
right plot refer to pairs hosting the ‘Be sample.

The cross-section of the ‘Be(n,o) reaction has been
determined in the energy range 10 meV-10 keV [6].
The result of this measurement at thermal energy was
found to be consistent with the only previous existing
measurement [7]. The present data indicate that Wag-
oner’s compilation [8] overestimates by a factor of 10
the reaction rate. The results of the present measure-
ment leave unresolved the Cosmological Lithium
Problem, whose solution should then be searched in
other physical scenarios.
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PREPARATION AND CHARACTERIZATION OF A 'BE IMPLANTED TARGET FOR
NUCLEAR ASTROPHYSICS RESEARCH

E. A. Maugeri, S. Heinitz, R. Dressler (PSI), N. Kivel (PSI/AHL), D. Schumann (PSI), T. Stora (CERN),
R. Reckermann, A. Hagel, H. Orlick, V. Neims (PSI/NUM), O. Morath, N. Frey, T. Schneider (PSI/ASI),
K. Geissmann (PSI/NUM)

This report describes the preparation and the character-
ization of a target obtained implanting "Be ions into a
thin aluminium disk. The target was used to measure
the "Be(n, p)’Li cross section in the energy range of
interest for the Big-Bang nucleosynthesis at the
n_TOF-CERN facility.

The standard Big Bang Nucleosynthesis (BBN) is a
model that predicts the abundances of light elements
produced in the early stage of the Universe [1]. The
validity of this model has been largely proven when
predicting the abundance of *H, *He and “He, while it
fails when predicting the ‘Li abundance. In fact the
calculated value of 'Li abundance is a factor 3-4 high-
er than the value deduced from observations. This
represents one of the most controversial and still pend-
ing problems in the nuclear astrophysics, known as the
“Cosmological Lithium problem” [2, 3].

"Li is mainly produced by the electron capture decay
of "Be, thus its abundance strongly depends on the
production/destruction rate of its mother nucleus 'Be.
This isotope is mainly produced via the *He(a,y)'Be
nuclear reaction and mainly destroyed, beside the
radioactive decay, via the 'Be(n, p)’Li reaction. The
value of the cross section of this nuclear reaction at the
energy range of interest for the BBN, ~50 keV, is
considered well known, with a statistical uncertainty of
0.7% [4]. Nevertheless, the acknowledged value was
obtained by extrapolation from cross section values
measured only at very low energies, between 25 meV
and 13.5 keV [4,5]. In fact, no direct measurements
have been performed at ~50 keV, and only data for the
reverse reaction are available at this high energy [6,7].
This justifies new measurements to obtain a more
precise value of this cross section, which could im-
prove the consistency of BBN calculations.

An international project aimed at measuring the cross
section of the "Be(n, p)’Li reaction in a wide range of
neutron energies, from thermal to 1 MeV, thus cover-
ing the BBN energy range, was started at the new
experimental area (EAR2) [8] of the Neutron Time-of-
Flight facility (n_TOF) [9] at CERN, Switzerland.

A target with sufficient amount, about 1 GBqg, of
chemically and isotopically pure ‘Be is the main pre-
requisite for a successful measurement.

Chemically pure 'Be was obtained at the Paul Scherrer
Institute by extraction from the cooling water of the
Spallation Induced Neutron Source facility and separa-
tion from other cations, using the method described in
[10]. The "Be specific activity was measured using a
coaxial HPGe-detector as 0.961 +0.02 GBg/ mL,
while the concentration of °Be and the *Be/*°Be isotop-
ic ratio were measured by inductively coupled plasma
mass spectrometry (ICP-MS) as 0.518 + 0.022 pg/mL

and 4.86 + 0.15 pg/mL, respectively. About 80 GBq of
"Be solubilized in diluted HNO; were loaded in a
graphite cylindrical crucible, see Fig. 1.

4 ; - 1
Fig. 1: Graphite crucible used to load the ‘Be activity.

The HNO; solution was evaporated at 60°C until dry-
ness. After, the crucible was placed into the ionization
chamber. This operation was carried out in the hot cell
of the ATEC facility, PSI, see Fig. 2. The ionization
chamber was afterwards shipped to the ISOLDE facili-
ty at CERN.

=

Fig. 2: Loading of the graphite crucible containing the
"Be activity (1) into the ionization chamber (2).

Here, 'Be was evaporated, ionized, accelerated to
30 keV, mass-separated (from °Be and °Be) and im-
planted with a current of 35 nA into a thin aluminium
disk. The target was then irradiated with neutrons at
n_TOF with different energies and the relative cross
sections were evaluated.

After the measurement of the cross sections, the target
was sent back to PSI for precise measurements of the
activity and the distribution of the implanted 'Be.

The "Be activity in the target was measured with a
coaxial HPGe-detector as 1.00 + 0.05 GBq (referred to
the date of its implantation).



The "Be distribution was measured using the follow-
ing method. The target was placed in a 3D paositioning
system, which allowed precise movement (+0.01 mm),
in front of a coaxial HPGe-detector. The distance
between the target and the detector was 32.4 cm. A
10 cm lead collimator with a 2 mm diameter hole was
placed in the middle between the detector and the
target. The geometrical centre of the target was
aligned with the 2 mm hole and with the centre of the
detector using a laser pointer. The target was moved
along the x-, y-axes by 2 mm steps. A total target area
of 4 cm? was investigated, including 121 total meas-
ured points. 12 additional measurements were done
with 1 mm steps from the target centre, to have a bet-
ter resolution. Fig. 3 shows the result of the investiga-
tion.

[ activity a.u.
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Fig. 3: Distribution map of 'Be in the implanted target
It is possible to fit the distribution with two Gaussians,
relative to the x-axis and y-axis, respectively. The two
Gaussian fits are characterized by a value of FWHM
of 5.57 mm and 4.40 mm, respectively.

19

Fig. 4: Fit of the distribution of Fig. 3 using two
Gaussians relative to the x-axis and y-axis character-
ized by values of FWHM of 5.57 mm and 4.40 mm,
respectively.

For the first time, thanks to a well-established collabo-
ration between different groups at PSI (ATEC and
NES) and at CERN (ISOLDE and n_TOF), high spe-
cific activity of "Be was successfully implanted in a
thin aluminium disk to produce a target for the meas-
urement of the "Be(n, p)’Li cross section at energy
range of interest for the BBN.
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PREPARATION OF **Gd AND **Dy SAMPLES FROM p-IRRADIATED Pb TARGETS

Z. Talip, R. Dressler, A. Vigele, D. Schumann (PSI), R. Michel (IRS Univ. Hannover)

INTRODUCTION

Knowledge about the radionuclide inventory of target
materials used in spallation neutron facilities (SNF)
and accelerator driven systems (ADS) is essential for
the safety assessment of these facilities. In addition, it
is important to evaluate and improve computer simula-
tions for many different target-energy combinations,
which is possible only with reliable experimental data.
This work aims at preparing proper samples to meas-
ure the production cross sections of the long-lived
a-emitting radionuclides ***Gd and ***Dy, produced in
Pb targets irradiated up to 2.6 GeV protons.

EXPERIMENTAL

The Pb targets (typical thickness 125 mg/cm?, 15 mm
diameter, 99.99% purity) were irradiated with protons
in an energy range from 240 to 2600 MeV between
1993 and 1997 with a special stacked foil technique at
the SATURNE Il synchrotron of the Laboratorie Na-
tional Saturne (LNS) at Saclay [1]. The irradiations
were performed in air and lasted 17-33 h to get suffi-
cient fluences. The details of the irradiation of each
target are given in Table 1.

Tab. 1: Description of the p-irradiated Pb targets.

Sample pimee\r/%y Fluence (cm™) Irtri?ﬁe'a(t;)o n T(?,[:g)a
PbSh254 240 3.50 10" 55500 238
PbSk295 272 1.36 10 67320 234
PbSg254 321 9.09 10* 76200 211
PbSf254 553 1.36 10* 121200 217
PbSc254 759 1.36 10™ 91260 230
PbSn293 996 1.73 10% 86940 232
PbSd234 1162 1.55 10" 60480 234
PbSm294 1396 1.28 10 74040 236
PbSc234 1567 2.66 10 70980 236
PbSh132 1580 1.82 10" 60180 99
PbSr285 2595 1.39 10% 63600 232

In previous works, chemical separations of several
long-lived B-emitting radionuclides (**1, **Cl, °Be,
%Al, *Mn and ®Fe) [2] and long-lived o-emitting
lanthanides (Lns) such as **¥Gd and ***Dy [3] from 11
p-irradiated Pb targets were reported.

In the present study, separated Gd and Dy fractions of
these samples were taken and molecular plating tech-
nique was used to prepare thin ***Gd and ***Dy sam-
ples to measure them by a.-spectrometry.

Molecular Plating

The used molecular plating cell was similar to the one
described in ref [4]. After separation, the Gd and Dy
fractions were evaporated to dryness and dissolved in a
small volume of diluted HNO3 (50 pl, 0.1 M HNO;) to
minimize the thickness of the deposited layer. Opti-
mized conditions for the molecular plating were as

follows; solvent: iso-propanol (15 mL), pH: 2.7, an-
ode: platinum spiral shaped (21 mm), cathode (copper)
to anode distance: 20 mm, voltage: 300 V, current: 2-
4 mA, deposition time: 60 min, diameter of deposited
area: 19 mm, backing material: carbon fiber (Good
Fellow 99.8%, 75 pum). y-emitting Lns tracers **°*"Ho
and '3Gd were used to monitor deposition yields for
Dy and *®Gd, respectively.

Vacuum Gold Coating

Contamination of the semi-conductor detectors and the
walls of the vacuum chamber by recoil nuclei is one of
the common problems for a-spectrometry [5-8]. In
this work, in order to avoid the contamination of the
detectors due to the small sample detector distance
(SDD), the Gd samples surfaces were coated with a
thin layer of gold, which is sufficient to stop recoil
nuclei but significantly smaller than the stopping range
of a-particles. The coating was carried out using the
UNIVEX 450 (Leybold vacuum) thermal evaporation
system (operational vacuum 10 to 10°® mbar) (Fig 1).

Fig. 1: The image of the thermal evaporation chamber
of the UNIVEX 450 used for gold coating.

According to SRIM calculations, the range of an
88 keV Gd recoil nuclei in gold is ~11 nm [9]. There-
fore, samples were coated with ~30 nm gold layer. To
test the thickness of the coated gold layer, two ***Am
sources were prepared and coated with ~30 nm gold.
Figure 2 shows an example of comparison of the
Am source a-spectrum before and after the 30 nm
gold coating. An energy shift of 12 keV was observed
for the 5.48 MeV peak. The second source was also
investigated and coating caused a shift of 14 keV. The
mass stopping power, dE/dx [MeV/(mg/cm?)], in gold
for 55MeV a-particles is given to be
0.2249 MeV/(mg/cm®?) by the SRIM code [9]. Know-
ing the density of the gold (19.311 g/cm®) and the
measured energy shifts after gold coating (12 keV and
14 keV), the thicknesses of the gold layers were calcu-



lated as 28 and 32 nm. All the Gd samples were coated
with 30 £ 2 nm gold layers. Figure 3 shows the sam-
ples before and after gold coating. The sample holder
used allowed to coat 8 samples simultaneously.

10°
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FWHM:15.6 keV L
| Max Energy: 5.472 MeV
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Fig. 2: Comparison of a-spectra: ***Am source before

and after 30 nm gold coating (spectra were recorded

SDD: 38.64 mm, counting time: 4800 s).

l ’

(b)

00

Fig. 3: d—deposited samples before (a) and after 30
nm gold coating (b).

RESULTS AND CONCLUSIONS

After all separation steps [2, 3] and molecular plating,
between 63-72% total yields were obtained for the 11
samples (Table 2).

Tab. 2: Chemical yields of Gd and Dy from p-
irradiated Pb samples after distillation, Dowex 50WX8
resin, Ln resin, molecular plating and total.

Chemical Yields (%0)

sample After Dowex + Ln  Molecular Total
distillation column plating yield
Dy, Gd Dy Gd Dy Gd Dy Gd
PbSh254 72 100 100 95 96 68 69
PbSk295 72 100 99 51 94 37 67
PbSg254 72 100 99 97 100 70 71
PbSf254 72 100 98 96 91 69 64
PbSc254 72 96 97 96 96 66 67
PbSn293 72 100 89 100 99 72 63
PbSd234 72 100 100 100 95 72 68
PbSm294 72 97 98 100 99 70 70
PbSc234 72 94 99 100 98 68 70
PbSb132 72 98 100 100 99 71 71
PbSr285 72 100 100 100 100 72 72
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Fig. 4: After molecular plating and gold coating, a
spectrum of a Gd sample (a) (SDD: 10.64 mm, count-
ing time: 22 h) and Dy sample (b) (SDD: 2.64 mm,
counting time: 80 days), separated from a Pb target
irradiated with 1580 MeV protons.

Fig. 4. a and b show an example of the a-spectrum
obtained for **®*Gd and **Dy samples, respectively.
8Gd was detected in the Pb targets, irradiated with
proton energies higher than 240 MeV, while **Dy was
detected only in the targets irradiated with proton
energies higher than 1200 MeV.

In a next step, production cross sections of *Gd and
Dy will be calculated and compared with theoretical
calculations obtained with the INCL 4.6 and ABLA
0.7 code.
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SEPARATION OF LONG-LIVED RADIONUCLIDES FROM PROTON-IRRADIATED Ta
TARGETS

Z. Talip, A. Vogele, D. Schumann (PSI), E. Strub (Univ. Cologne), C. Vockenhuber (ETHZ)

INTRODUCTION

In this study, distillation, precipitation and ion ex-
change methods were used for separating the long
lived B-emitters I, **Cl, and the a-emitters ***Dy,
8Gd, °Gd, and '*°Sm from proton irradiated Ta
targets for the purpose of the determination of their
production cross sections. After separation, a molecu-
lar plating technique was used to prepare thin lantha-
nide samples to obtain a good quality a-spectrum with
high resolution and small low energy tail contribution.
1291127 ratios were measured using accelerator mass
spectrometry (AMS) and the cross sections of %I
(Typ: 15.7 My) were determined for the Ta targets
irradiated up to 2.6 GeV protons.

EXPERIMENTAL

Proton irradiations of 11 Ta targets were performed
with a special stacked foil technique between 1993 and
1996 at the SATURNE |1 synchrotron of the Laborato-
rie National Saturne (LNS) at Saclay (for details see
Table 1 and ref [1, 2]).

Tab. 1: Description of the p-irradiated Ta samples.

Sample p-energy Irradiation  Target

Fluence (cm®)

(MeV) time (s) (mg)
TaSP176 220 1.10% 55800 163
TaSK205 256 4.4 10" 67320 276
TaSH205 257 1.110% 76200 270
TaSG205 337 2.610" 121200 268
TaSF206 561 3.310" 91260 148
TaSE205 756 32104 86940 275
TaSN245 986 1.4 10 60480 273
TaSD182 1180 4.2 10" 74040 277
TaSM245 1386 1310 70980 273
TaSC182 1574 310" 60180 272
TaSR236 2560 110" 63600 148

Figure 1 shows the separation procedures for *Cl, *#|,
1455m, %8Gd, and Dy isolation. Initially, the tanta-
lum targets, together with iodine (10 mg in form of
Nal (Woodward Corporation, USA) and chlorine as
stable carriers (10 mg in form of NaCl (Riedel-de-
Haen), as well as **™Ho and ***Ta as radioactive trac-
ers in order to monitor the separation, were dissolved
in 10 mL 10 M HNO; and 4 mL conc. HF in a PTFE
(Polytetrafluoroethylene) two neck-flask in an N,
atmosphere at 100°C. lodine and chlorine were dis-
tilled into an aqueous hydrazine solution (1:1, total
7 mL). After distillation, separation of I and Cl was
performed similar to ref [3].

Ta

(Dissolving conc. HNO; + conc. HF)
+ 1, Cl carriers + '85™Ho +'82Ta

Sm-Gd-Dy fractions

A HF + La carrier
e Precipitation I
s @ DOWEX E>[ Ln Resin ]lzi> molecular-
ine of Laf, plating

Fig. 1: Schematic diagram of the chemical separation
of *Cl, I, ¥sm, *8Gd, *°Gd and ***Dy from p-
irradiated tantalum targets.

After the iodine and chlorine distillation, a Ta,Os pre-
cipitate was observed in the reaction vessel. The re-
maining solution and precipitate were transferred in a
centrifuge tube and 2 mL conc. HF and 1 mg La carri-
er (Fluka Analytical, La standard for ICP) were added.
The reaction vessel was rinsed with 2 mL 7 M HNO,
which was transferred to the centrifuge tube. The re-
sidual Ta,0Os in the solution was dissolved by conc.
HF, while LaF; was precipitated. The precipitate was
washed 4 times with 5 mL of water. Then, it was dis-
solved in 1mL 7 M HNOjz; and 1 mL 0.5 M H;3BO;.
The solution was loaded onto an Dowex 50X8 cation
exchange column and the lanthanides (Lns) were frac-
tionized by elution with a-HIB at pH 4.6. In a follow-
ing purification step, a Ln-specific ion exchange col-
umn (TRISKEM) was used to get rid of the complex-
ing agent from Lns. y-emitters **®*™Ho, *°Tb, ™°Gd,
4Eu, and *°Pm tracers were used to monitor the sepa-
ration and to calculate the chemical yields.

RESULTS AND CONCLUSIONS

Lanthanides separation

Figure 2 shows an example of y-spectra before and
after Lns separation. After 4 washing steps, the Ta was
completely separated from LaFs. After the Ta separa-
tion, the chemical Lns yields were between 94-100%
(Table 2).
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Fig. 2: An example of the y spectra before and after
Lns separation (after 4 washing steps).
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Fig. 3: Separation profile of Lns in the DOWEX 50x8
cation exchanger — o-HIB separation system with
gradient elution technique.

An example of the Lns separation profile is presented
in Figure 3. Initially, 0.08 M a-HIB was used to sepa-
rate 1"2Hf, Y®™Hf and '"2Lu, which were present in the
p-irradiated Ta targets [4], followed by elution with
0.12M (Dy fraction), 0.14M (Gd fraction), and
0.25M o-HIB (Sm fraction), respectively. After the
separation of the Sm fraction, 1 M a-HIB was used to
strip the La carrier. Between 96-100% chemical yields
were obtained after Dowex 50X8 and Ln Resin separa-
tions (Table 2).

Molecular Plating

In a next step, a molecular plating technique was used
to prepare thin Ln layers for a-spectrometry to deter-
mine the cross sections for the production of ***Dy,
146Sm and *8Gd/**°Gd in Ta (Fig 1). Molecular plating
experiments were performed similar to the one report-
ed in the previous report [5].

Tab. 2: Chemical yields of Gd and Dy from p-
irradiated Ta samples after distillation, Dowex 50WX8
resin, Ln resin, molecular plating and total.

Chemical Yields (%0)

Sample After Dowex + Ln  Molecular Total

distillation  column plating yield
Dy,Gd Dy Gd Dy Gd Dy Gd
TaSP176 97 96 100 95 69 88 67
TaSK205 94 100 100 95 90 90 85
TaSH205 98 100 100 94 82 92 80
TaSG205 100 100 100 98 93 98 93
TaSF206 9% 100 99 98 94 95 89
TaSE205 97 70 100 82 95 56 92
TaSN245 97 100 100 100 79 96 76
TasSD182 97 100 100 84 98 81 95
TaSM245 99 9% 97 99 99 94 95
TaSC182 100 100 100 99 98 99 97

TaSR236 100 100 100 95 95 95 95

After molecular plating, the activity of the Sm samples
was measured using o-spectrometry with the smallest
sample detector distance (SDD) (2.64 mm). The ***Sm
(Eq= 2.455 MeV, 1=100%) peak was not visible, even
after a 45 day measurement. Therefore, chemical
yields for **°Sm samples were not presented in Tab. 2.
Alpha-spectrometry measurements and cross section
calculations for the Gd and Dy samples are currently
under way.

Excitation functions of 2°I

The *°1/*?} ratios, measured at the Tandy AMS facili-
ty (ETH, Zurich) [6], were ranging from 0.2 x 10™'* to
0.54 x 10 "2, From the 11 samples, only 6 showed
significant values above the chemistry blank
(0.2 x 10™'?) (Fig. 4a). Thus, the final uncertainties of
the cross section after the blank correction are relative-
ly large.
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Fig. 4: Results of the AMS measurements without
blank correction for °1/*?'| ratios (a), cross section
results for *°I in p-irradiated Ta (b).

The main uncertainty components for the cross section
calculations are due to the flux density (6%) [1] and
AMS measurements (~8-42%). The AMS measure-
ments of the long-lived p-emitting radionuclide **ClI
(Ty2: 301 ky) are currently under way.
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ON THE PRODUCTION AND SEPARATION OF **Ho FOR PHYSICS RESEARCH
EXPERIMENTS

S. Heinitz (PSI), N. Kivel (PSI/AHL), D. Schumann (PSI), U. Késter (ILL),
A. Nucciotti (Univ. Genova & INFN Genova)

INTRODUCTION

The radioactive isotope '*Ho (Ty, = 4567 a) has
gained considerable attention within the physics com-
munity due to its very low Q-value of only 2.5 keV.
This property and recent developments in high preci-
sion calorimetric measurements have facilitated sever-
al research projects devoted to measure the mass of the
neutrino. Among them, the HOLMES collaboration
aims towards implanting 3x10° Bq of isotopically pure
%310 into a grid of 10° transition edge sensor micro-
calorimeters to precisely measure the end-point energy
of the '®*Ho electron capture decay [1]. With an envis-
aged statistical mass sensitivity of only 0.1 eV, this
measurement will provide an alternative technique to
spectrometry to answer the long lasting question in
physics about the neutrino mass.

In collaboration with the Institut Laue-Langevin, Gre-
noble, and PSI, the project aims towards producing
roughly 100 MBq of ***Ho by irradiation of enriched
1%2Er material in a nuclear reactor. The production
route *?Er(n,y)*®*Er followed by decay to **Ho is
depicted in Figure 1 along with other neutron capture
reactions.

Er 166
33.503

Er 167
2269 s PR

Fig. 1: Excerpt from the nuclide chart showing the
main production route of ***Ho (green arrows) togeth-
er with parasitic formation of ***Ho (red arrow) from
%Ho. The latter is formed by neutron capture from
%4Er (blue arrows) or by Dy impurities (orange ar-
rows) within the irradiated material.

The main problem arising from neutron irradiation of
enriched Er is the inevitable formation of **™Ho (see
Figure 1), which drastically deteriorates calorimetric
decay measurements. Since this isotope cannot be
separated from '**Ho by chemical means, a mass sepa-
ration of these two isotopes is mandatory. Despite this,
all Ho has to be first separated from the irradiated Er
seed material. In order to quantify the amount of ***Ho
and ***™Ho formed during a reactor irradiation, a care-
ful characterization of the initial Er material including
isotope composition and impurity content should be
performed as well. This work describes the analysis of
a 474 mg batch of '°Er purchased in 2016 and gives
some results on the separation of ***Ho from irradiated
batches in 2014 and 2015.

EXPERIMENTAL

A total mass of 544.2 mg of 25.1% enriched '*?Er,0,
was purchased from TraceSciences, Canada, and
transferred into two high purity quartz ampoules pro-
vided by Wisag AG, Germany. Approx. 4 mg of this
material was kept for quantitative analysis of the ma-
terial using ICP-OES, ICP-MS and neutron activation
analysis.

At first, these 4 mg of ***Er,04 were dissolved in 2 ml
of 1 M HNO; and half of this solution used to prepare
dilution series of 1:10, 1:100 and 1:1000 for ICP-OES
measurements. Dy, Ho, Er, Tm, and Yb calibration
solutions in concentrations ranging from 10 ppb up to
10 ppm were prepared from their respective ICP-MS
standard solutions provided by Merck, Germany. A
Perkin-Elmer Optima 3000 was used to measure the
concentration of these 5 elements in the Er stock solu-
tion.

Another 400 pL of the stock solution was evaporated
in a PE vessel and irradiated for 10*s in the SINQ
neutron activation facility at PSI. 3.9 mg of IRMM-
527 (Al-0.1%Co) alloy, Sigma Aldrich, USA, was
used as flux monitor. Gamma spectra of the '®’Er
sample were recorded 5h, 24 h and 4 d after end of
irradiation. Then the sample was irradiated with neu-
trons for another 10*s and then immediately under-
went chemical separation by ion exchange chromatog-
raphy using the LN resin, Triskem, France. The sepa-
ration was monitored by gamma spectrometry. The
separated fractions of Dy, Er and Yb were then meas-
ured for their isotopic composition using a sector-field
based mass spectrometer (Element 2, Thermo Fischer
Scientific, Germany). Additionally, 200 uL of the
initial Er stock solution, diluted to 1 ml with H,O, was
analysed in the mass range from 85 to 180.

For the separation of “**Ho from irradiated “*%Er, the
ampoule containing the oxide was cracked, the mate-
rial dissolved in 7M HNO; and the pH adjusted to 4
with NH,OH. Approx. 0.5 mg of Y"*Er activated at the
PSI SINQ facility was added prior to the separation.
The solution was then loaded into a 20 cm long col-
umn containing the cation exchange resin Aminex
HPX87H from BioRad Laboratories, USA. The elu-
tion of the lanthanides was performed at room temper-
ature using increasing concentrations of a-hydroxy-
isobutyric acid (HIBA) in a similar way described in
[2]. The gradual elution of the lanthanides was moni-
tored using gamma spectrometry. All fractions con-
taining chemically pure Ho were then unified, acidi-
fied and loaded on a LN resin for final purification
from HIBA and residual contaminants. This material
is then investigated with ICP-MS and gamma spec-
trometry to determine the content of ***Ho, *®Ho, and
lGGmHO.



RESULTS AND DISCUSSION

The results of the ICP-MS, ISP-OES and neutron
activation analysis of the TraceScience material is
given in Table 1 together with the original Certificate
of Analysis provided by the supplier.

Tab. 1: Isotopic composition and determined impurity
content of *®Er as measured by ICP-MS and ICP-
OES. The original data provided by TraceScience is
also given.

Analysis PSI  TraceScience CoA
isotopic composition
isotope [%6]
Er-162 26.1+04 25.1+14
Er-164 6.0+0.2 6.87
Er-166 30.1+0.7 29.75
Er-167 155+04 15.67
Er-168 15.6 £0.6 15.63
Er-170 6.7+0.2 6.98
concentration relative to Er
impurities [atomic ppm]

Eu 15 /

Gd 29 1000

Tb 7 /

Dy 5160* 5400

Ho 235 /

Tm 357 900

Yb 1530* /

Lu 265 /

Rb 220 /

Sr 11 /

Y 69 /

Ba 237 /

* - the isotopic composition of Dy and Yb is non-
natural, see Table 2; values denoted by “/” were not
stated

The isotopic composition of Er was determined to
slightly differ from the numbers provided by the sup-
plier. This fact is due to isobaric interferences arising
from Dy and Yb impurities, which are present in the
material in the %o range. It should be noted that the
impurity content given by the supplier significantly
deviates from what was found by the analysis at PSI.

Tab. 2: The isotopic composition of Dy and Yb pre-
sent as impurities in the analysed '*Er material

isotope content isotope content
Dy-156 0.02% Yb-168 0.16%
Dy-158 0.03% Yb-170 2.17%
Dy-160 0.35% Yb-171 6.03%
Dy-161 8.40% Yb-172 8.84%
Dy-162 64.13% Yb-173 10.42%
Dy-163 15.84% Yb-174 15.08%
Dy-164 11.23% Yb-176 57.31%
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Apart from much lower Gd content, the provided
material contains substantial amounts of Yb. It was
also found that Dy and Yb are present in non-natural
composition — Dy is enriched in ***Dy and Yb in }®Yb
as shown in Table 2. While **°Dy is enriched together
with **Er during isotope enrichment, the origin of
7%y is supposed to arise from earlier isotope separa-
tions of Yb at the enrichment facility.

Table 3 gives an overview on the Ho samples already
processed together with the new batch that is planned
to be available for reprocessing in 2017. The analysis
of the separated Ho fractions from earlier irradiated
192Er provided in 2014 and 2015 revealed that the
activity of '®™Ho linearly scales with the amount of
stable *®Ho produced during neutron irradiation. This
fact can be explained by the relatively big capture
cross-section of *®™Ho, imposing that a fast equilibri-
um is reached between production and destruction of
this isotope in the reactor, as has been shown in [3].

The total amount of ***Ho produced during the last 2
runs in 2014 and 2015 is approx. 1.5 mg, which repre-
sents roughly 35 MBq of this isotope.

Tab. 3: Overview on ‘**Ho samples with their respec-
tive mass and composition

sample | m(™Ho) 163/165  A(**™Ho)

by year [mg] ratio [kBq]
2014 0.255 1.83 6.3
2015 1.22 1.60 38.7
2017 6* 15-2* 200*

* - estimated numbers

The quartz ampoules with 470 mg of **Er are current-
ly being irradiated at the high flux reactor at ILL and
will be available end of August for chemical separa-
tion. Despite for the HOLMES project, the separated
material is also planned to be used at the CERN
n_TOF facility for cross section measurement of the
isotope **Ho.
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PREPARATION OF *Be SAMPLES FOR NUCLEAR STRUCTURE RESEARCH AT
RADIOACTIVE ION BEAM FACILITIES

S. Heinitz, T. Stowasser, D. Schumann (PSI), A. DiPietro (INFN-LNS Catania)

Light exotic nuclei such as 'Be are of major interest in
nuclear physics research [1]. The development of
radioactive ion beams has facilitated the opportunity to
study the properties of such neutron-rich isotopes close
to the neutron drip-line. One of their exciting features
is the possibility to form neutron halo nuclei with a
mass distribution extending far outside the core of the
nucleus. The structure of *'Be is such that a neutron is
surrounding a '°Be atom, thus only being weakly
bound to the core. This and other interesting properties
have pushed theoretical and experimental research on
light exotic nuclei in the recent years.

The Tandem accelerator facility of the Instituto
Nacionale di Fisica Nucleare (INFN), Catania, Italy, is
aiming towards physical investigations of Be halo
nuclei using the long-lived radionuclide '°Be. The
envisaged beam intensities should reach up to 10’
particles per second. The investigations at this accel-
erator facility should be complementary to studies
already performed on ‘Be at Caserta, Italy [2]. INFN
has started a collaboration with PSI capable to provide
sufficient amounts of °Be to achieve the desired radi-
oactive ion beam intensity. This work describes the
preparation of suitable samples for the envisaged nu-
clear structure research on 'Be.

Standard sample holders that are used at the INFN
tandem accelerator are Au coated copper cathodes
with a 1 mm deep spherical hole in which the actual
sample material is loaded. An ICP-MS standard °Be
solution with 1 g/L of Beryllium serves as source for
stable Be test samples. Approx. 40 pL of this solution
is placed into a ceramic crucible and mixed with
1.2mg of Ag powder, provided by Sigma-Aldrich.
The crucible is then heated overnight to 500°C to
transform Be(NOs), into BeO. After cooldown, anoth-
er 2.4 mg of Ag are added and mixed with the dried
residue in the crucible. This mixture is then mechani-
cally tapped into the hole of the Cu cathode in such a
way, that the Ag powder is compressed to a uniform
body containing BeO. The addition of Ag also assures
the conductivity of the matrix during beam extraction
at the accelerator facility.

Radioactive °Be samples have been prepared in a
similar way using a stock solution prepared from re-
covered '°Be originating from the target E92 graphite
wheel of the PSI meson facility [3]. The isotopic com-
position of this material was determined by ICP-MS to
have the following atomic ratio °Be : 1°Be =2 : 1.

In total, six samples containing °Be and two samples
containing 100 kBq of °Be have been produced and
shipped to INFN Catania by end of 2016. Table 1
gives an overview on the prepared samples for this
batch.

cathode mass of mass of mass of Ag
number | °BeO[mg] | °BeO[mg] | added [mg]

1 0.1 / 35

2 0.1 / 35

3 0.2 / 7

4 0.2 / 7

5 0.3 / 10.5

6 0.3 / 10.5

7 0.2 0.1 10.5

8 0.2 0.1 10.5

Tab. 1: Overview on samples/cathodes prepared for
INFN by end of 2016. The addition of Ag was 1/3
before and 2/3 after glowing of BeO. See text for
details.

According to results on inactive °Be samples provided
in 2013 and 2015, cathodes prepared using the de-
scribed procedure are able to provide a sufficient Be
beam intensity over a period of several days. Figure 1
shows a test on the °Be beam intensity extracted from
a similar cathode provided in 2015. The total charge
extracted from this cathode was 5.6 mC with an aver-
age °Be beam current of 23 nA over a period of 3
days. These tests could successfully show that suitable
Be beam intensities may be provided for nuclear
structure investigations. The experimental work on
cathodes containing '°Be is envisaged for early 2017.
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Fig. 1: Extracted °Be beam intensity as function of
beam time.
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TOWARDS NEUTRON CAPTURE CROSS-SECTION MEASUREMENTS WITH
ULTRACOLD NEUTRONS
J. Ulrich, R. Dressler (PSI), B. Lauss (PSI/NUM)

Ultracold neutrons (UCNs) are free neutrons with
energies below about 350 neV (corresponds to a veloc-
ity of ~8 m/s). Their energy is so low that they can be
significantly accelerated or slowed down by Earth’s
gravity. Since most solid and liquid surfaces have
positive (i.e. repulsive) nuclear potentials, UCNs can
be stored in material “bottles” which makes them
interesting for fundamental neutron physics.

The neutron capture cross-section scales with the in-
verse of the speed of the neutron (or the inverse square
root of its energy). Applying the 1/v law to the UCNS,
a cross-section gain by a factor of about 300 compared
to the thermal neutron capture cross-sections can be
expected. This effect is further increased for most
materials, since the kinetic energy of the UCNs is
lowered by the material surface optical potential upon
penetration. This process is analogous to slowing
down of light by entering a medium with higher re-
fractive index.

Cross-section measurements with UCNs are a chal-
lenging topic both from the theoretical and experi-
mental point of view. Despite the large cross-section
enhancement, obtainable activities are generally very
low because of the low intensity of provided UCNs.
Due to their low energy, the behavior of the UCNSs is
much more accurately described by wave optics than
as a particle. This means that effects which are easily
negligible in common neutron activation experiments
with thermal or cold neutrons like target surface
roughness, material granularity, surface contaminants
or material impurities may significantly influence the
measurement results [1] and make the data evaluation
not straightforward.

At PSI, UCNs are produced from spallation neutrons
by thermalization in D,O and subsequent cooling-
down and down-scattering in solid deuterium [2-5].

%

Fig. 1: Overview of the irradiation setup. The collima-
tor with 3 open channels is inside a Plexiglas tube
used as UCN guide. The rectangular box mounted on
the bottom of the tube is the housing of the neutron
detector.

An experimental setup for activation of thin foils by
UCNs was built at the West-2 beamline of the PSI
UCN source. This setup is depicted in Fig. 1 and con-
sists of an evacuated vertical Plexiglas tube with a

Plexiglas collimator/sample holder mounted at the
bottom of the tube and a 100 cm?, 8x8 Pixel position
sensitive CASCADE-U neutron detector [6]. Plexiglas
is a suitable material for restricting UCNs from certain
areas. Because of its high hydrogen content, it can up-
scatter UCNs to thermal energies very fast, which
means effectively removing these neutrons from the
setup.

The UCNSs are generated and extracted in proton puls-
es of up to 8 s with a repetition period of 300 s. Due to
the source geometry almost all UCN arrive at the
West-2 setup in the first minute after the pulse with a
mean energy of the neutrons of about 260 neV at the
beamport height. This energy is further increased by
the fall height of the neutrons inside the Plexiglas tube.
UCNs gain 102 neV energy per meter fall in the
Earth’s gravitational field. Tube lengths of 25 cm and
201 cm were used, the latter nearly doubling the neu-
trons' kinetic energy.

The collimator is the critical part of the experimental
setup. It consist of two Plexiglas cylinders of 0.5 cm
and 3 cm height with four drilled collimation channels
(e = 1.3 cm). The sample foils are fixed between the
two cylinders (see Fig. 3). The main function of the
collimator is to restrict the irradiation exclusively to
neutrons perpendicular to the sample foil. The top and
bottom of the collimator are shielded by a 0.1 mm
aluminum foil covered with a Gd,O3 containing epoxy
layer. The Gd,O; shielding lowers detector back-
ground and inhibits foil activation by diffuse neutrons
during the proton beam pulse. Fig. 2 shows one 2D
UCN count rate distribution recorded during activa-
tion. The different attenuation of UCNs by Au and W
foils of the same thickness is clearly visible.
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Fig. 2: Measured 2D UCN count rate distribution
during activation (top left: empty channel, top right:
3 um W, bottom left: 3 um Au, bottom right: channel
opening covered with Gd,0Os, i.e. showing counts only
at the background level).

Autoradiography of an irradiated gold foil showed a
very sharp confinement of the activation to a circle of
1.3 cm diameter (i.e. the exact diameter of the irradia-
tion channel) and a good lateral homogeneity of the


http://dict.tu-chemnitz.de/english-german/negligibly.html

activation. The effectiveness of the Gd,Os-shielding
was verified by placing a gold foil in an irradiation
channel which was covered with a Gd,Os-containing
shielding. No **®Au-peak was found in a gamma spec-
trum recorded over 3 days after irradiation for 2 days.

\

l 3.5cm

Fig. 3: Drawing of the collimator (left). Open collima-
tor loaded with sample foils (right).

Gold and tungsten were identified as suitable test
targets for initial studies, in particular because of their
high capture cross-section and their activation product
easily measurable by y-spectrometry. Different gold
samples in a thickness range between 0.1 to 3 pm and
a tungsten foil of 3 um thickness were used. Since the
Fermi potential of Au and W is comparably low with
120 neV and 80 neV, respectively, only small surface
reflection is expected for both materials at given UCN
energies, especially for the longer fall height. To in-
vestigate the effect of different surface potentials on
the **'Au capture cross-section, the intermetallic com-
pound AuAl, (Fig. 4) was prepared by heating a
100 nm thin Au layer, created by PVD on 6 um Al
backing, at 500°C in an inert atmosphere. Due to the
high aluminum content in AuAl,, the surface potential
is lowered to 70 neV, i.e. roughly half the one of pure
gold.

Fig. 4: AuAl, (“purple gold”) created by heating
100 nm Au layer on Al backing.

With a neutron flux of about 10-15 cm?s™ and irradia-
tion periods of about 2-3 days, activities of 0.1-10 Bq
of "®Au or ®W were obtained depending on sample
material and thickness. Tab. 1 presents a summary of
the measured foils together with the irradiation periods
and activities at the end of the irradiation.

The samples were y-spectroscopically measured with
an 18 % “broad energy” type HPGe detector (Canber-
ra BE2825) and the spectra were evaluated by the
manufacturer’s GENIE-2000 software. The efficiency
calibration was performed numerically with the aid of
the commercial LabSOCS-Software (Canberra).
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To reach peak area uncertainties of 1 % to 5 % it was
necessary to record the y-spectra in close-up geometry
with counting times of 1 to 3 days due to the small
total amount of activation products.

The preliminary results suggest significantly larger
cross-section values than expected according to the
theory by extrapolation of the 1/v law from the ther-
mal region down to UCN energies [1]. The reasons for
this discrepancy need to be identified and are suspect-
ed in the UCN behavior during material transmission
and reflection, since the capture cross-section should
strictly follow the 1/v law. This has been confirmed by
both theoretical studies and transmission measure-
ments.

Target Tube | ti;[h] | Ao[Bq]
Short | 41.2 4.88
3 pm Au (99.9%) foil
Long | 76.9 6.66
Short 41.2 1.50
3 um W (99.95%) foil
Long | 76.9 1.32
1 um Au (99.9%)
on Acryl Foil Long | 67.5 1.76
160 nm Au (24K)
spanned on Al-Ring Long | 675 0.35
100 nm Au by PVD
on 6 um Al foil Long 64.0 0.29
AuAl, (s. text)
on 6 um Al foil Long 64.0 0.23

Tab. 1: Targets used for activation tests, used tube,
the irradiation times at the UCN source and achieved
activities Ay (at the end of the irradiation).

Nevertheless, the relative measurements yielded rea-
sonable values, although with probably big uncertain-
ties which need yet to be quantified. The deduced
capture cross section of gold decreases with the long
(201 cm) tube in comparison to the short (25 cm) tube
as a consequence of the shift of the neutron spectrum
to a higher energy. Furthermore, the ratio between the
8\ and ¥Au capture cross-sections is near the ex-
pected value und remains roughly the same between
the measurements with the long and short tube.

In the second half of 2017, further activation experi-
ments at the UCN source are planned, focusing on
reproducibility of the experimental results and lower-
ing the experimental uncertainties.
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PREPARATION OF A ®Fe STANDARD FOR ACCELERATOR MASS
SPECTROMETRY (AMS)

D. Schumann (PSI), N. Kivel (PSI/AHL)

AMS is one of the most sensitive analysis techniques
to measure long-lived radionuclides, reaching detec-
tion limits for isotopic ratios down to 10™°-10™ in
special cases. Its application portfolio covers nearly
every field of environmental research, considering
processes in the atmosphere, bio-sphere, hydrosphere,
cryosphere, lithosphere and the cosmosphere.

The method normally measures the isotope ratio in
comparison to a validated standard, the quality of
which determines the quality of the result. The need to
produce sufficient amounts of high-quality, well-
characterized standard material is clearly visible and
recognized already for a long time. The difficulty
consists in many cases in the availability of the iso-
tope. One example is the extremely rare, long-lived
isotope *°Fe. For several decades, most of the results
for ®Fe were obtained using standards produced from
heavy ion reactions [1], from irradiated copper [2] or
extracted in the radioactive beam facility ISOLDE
(CERN) from proton-irradiated UC, [3]. None of these
standards have been properly characterized by experi-
mental methods. Their nominal values are based on
rough approximations of the production and/or implan-
tation rates. Uncertainties are above 10 % or even not
available at all.

Since ®°Fe is two mass units heavier than the heaviest
stable iron isotope **Fe, its production possibilities are
limited. A very unique opportunity to gain this kind of
rare exotic isotopes is the exploitation of radioactive
waste from the surrounding of high-power, high-
energy accelerators. We used this production route to
manufacture several grams of “°Fe standard in form of
iron oxide and characterized it using MC-ICP-MS.

Material

The primary source was material drilled out from a
copper beam dump irradiated with high-energetic
protons at PSI till 1992. Details of the chemical sepa-
ration can be found in [4]. The obtained Master solu-
tion has first been used for the determination of the
%0Fe half-life [5]. After this, a part of this solution was
used for the standard preparation.

Characterization of the Master solution

The total iron amount and the isotopic composition of
the master solution have been determined by isotope
dilution mass spectrometry (IDMS), amounting in
N(*°Fe) = 5.873(50)-10"° atoms in 4.545(8) g master
solution. The results relevant for the standard prepara-
tion procedures are shown in Table 1. The radiochemi-
cal processes as well as the parameters of the MC-1CP-
MS measurements are described in detail in [6].

Tab. 1: Isotopic composition and content of the master
solution; data taken from [6]

Isotopic abundance [%]
*'Fe 6.033 (19)
*Fe 87.4990(50)
*"Fe 4.2076(68)
re 2.2397(70)
e 0.02048(12)

Dilution series

Three standards were fabricated by successive dilution
of the master solution with Fe,O; (Sigma/Aldridge,
99.999%) and HCI (Sigma/Aldridge).

PSI-8

0.09970 g of the master solution were mixed with
1.65277 g Fe,03 and dissolved in concentrated HCI till
complete dissolution. The total weight of the final
solution amounted to 14.459343 g.

PSI-10

0.16146 g of the PSI-8 solution were mixed with
1.68521 g Fe,03 and dissolved in concentrated HCI till
complete dissolution. The total weight of the final
solution amounted to 14.58051 g.

PSI-12

1.61563 g of the PSI-10 solution were mixed with
16.85137 g Fe,0; and dissolved in concentrated HCI
till complete dissolution.

After finishing the dilution series, iron was precipitat-
ed with ammonia solution as Fe(OH);. The hydroxide
was dried and then calcined at 400°C to obtain Fe,Os.

Uncertainty budget

The total uncertainty is determined by the uncertainty
of the ICP-MS measurement (0.3%). Uncertainties
coming from the balance are negligible (< 0.1%).

Results
The calculation of the isotope ratios yielded:
PSI-8: 1=1.029(3)-10°®
PSI-10: 1=1.124(3)-10™
PSI-12: 1=1.242 (3)-10™*

The obtained three standards in form of iron oxide
powder are shown in Figure 1.
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Fig. 1: ®Fe standard material as oxide powder

Studies on ®°Fe are currently one of the hottest topics
in understanding fundamental processes of star evolu-
tion and the development of the Early Solar System.
For instance, three independent experimental studies,
published in 2016, show high evidence for a nearby
super novae explosion occurring around 2.5 Mio years
ago [7-9]. Two of these works used AMS [7,8] and
applied the new PSI standard material. During these
investigations, it turned out, that measurements using
former standards showed a deviation of up to a factor
two in the absolute values in comparison to the PSI
ones [10]. With these findings, it is pretty clear, that a
considerable number of former ®°Fe data will have to
be re-evaluated.

We are going to make the prepared standards, which
are now ready for use, available for interested AMS
groups world-wide, either on the basis of collabora-
tions or in form of commercially purchasable goods.
More batches can be produced soon. The availability
of the first ever, well-characterized °Fe standard mate-
rial will essentially improve the quality of data and
enhance further high-ranking research in nuclear as-
trophysics.
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WASTE TREATMENT AND ISOTOPE RECLAMATION

M. Lin (Univ. Bern & PSI), I. Kajan (PSI), H.-D. Potthast (PSI/AHL), A. Turler (Univ. Bern & PSI),
D. Schumann (PSI)

The objective of the project is a chemical treatment of
the aqueous solutions containing burned nuclear fuel
(ca. 700g) in form of nitric acid solution stored within
the HOTLAB facility at PSI. There are several aims
within this SWISSNUCLEAR funded project, the
primary one is to separate alpha emitters and caesium
from the waste bulk in different streams to achieve a
suitable composition of the waste for the final deposi-
tion. Secondary aim is the extraction of exotic and
valuable nuclides (***Cm, "Se, ¥ *Tc, several isotopes
of lanthanides and others) from the waste solution.

The ongoing experiments are towards the evaluation of
suitable ways to extract caesium represented mainly by
the isotope **'Cs (T4,=30y) from the waste solutions.
This is due to the high dose rate originating from this
radioisotope complicating the practical handling of the
waste. A promising way for such separation seems to
be use of a novel ion exchanger marketed under the
name CLEVASOL [1]. CLEVASOL is a strongly
acidic cation exchanger.

CLEVASOL shows excellent properties towards the
extraction of caesium (Kd > 1E5 in 0.1M HCI, Kd >
1.2E2 in 10 M HCI), presumably due to the formation
of very low-soluble caesium salt.

The ongoing experiments are aimed at examining the
selectivity of the ion exchanger towards caesium in the
mixture of lanthanides, uranium and fis-sion/activation
products in the waste solutions. In this part of experi-
ments different acids (HNO3, HCIO,, HCI) and con-
centrations (1 mM-8 M) are tested in order to find
optimum conditions towards the caesium extraction.

Both batch and column techniques are employed in
order to determine the best experimental approach
towards caesium separations. Simultaneously with the
caesium extraction experiments a suitable approach
towards separation of alpha radiation emitting nuclides
is examined. These are represented mainly by plutoni-
um and uranium with contribution of so called minor
actinides (Am, Cm, Pm). To separate these, a solvent
extraction approach using tributyl phosphate (TBP) as
an extracting agent was chosen. Currently, the evalua-
tion of the organic phase composition with respect to
organic solvent on the extraction properties of plutoni-
um and uranium is ongoing. According to previous
uranium and plutonium extraction experiments [2,3]
four suitable candidates of the diluents were chosen
(dodecane, cyclohexane, kerosene and 1-octanol) for
evaluation with respect to flash point, radiation and
chemical stability. We focus not only on the extracta-
bility and selectivity towards uranium and plutonium
but also on avoiding third phase formation, possibly
caused by some fission products (e.g. palladium and

molybdenum) that would complicate the extraction
process.

caesium extraction from the radioactive waste solu-
tions.

[1] https://trademarks.justia.com/791/99/clevasol-
79199803.html.

[2] R. G. Geier. Process Engineering Department,
us, (1979).

[3] L. L. Burger, etal., Ind. Eng. Chem. Res. 50, 2
(1958).
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NEW 6 mm PELLET TARGETS FOR “Sc PRODUCTION

C. Vermeulen (PSI/CRS), N.P. van der Meulen (PSI)

INTRODUCTION

The Positron Emission Tomography (PET) radionu-
clide, “Sc, is primarily produced via the (p,n) nuclear
reaction at a cyclotron using ““CaCOj as target materi-
al. **Ca targets were, in the past, prepared by mixing
10 mg enriched **CaCOs with 150 mg graphite pow-
der, pressed and encapsulated in aluminium.[1]

The graphite powder method, however, leads to an
uneven target mass which causes large variations in
yield. The graphite powder also tends to clog transfer
lines and has to be filtered from the mother solution,
adding unnecessary complexity to the chemical separa-
tion system.

Across International mm Die Set

Pallet Ejector

Support Plate
Wi ¥aguum Connection

Fig. 1: Commercial die set for 6mm pellet prepara-
tion.

Cost vs. yield analysis indicates that 30 mg of enriched
material is the ideal amount of powder to use per pro-
duction. This translates into a target pellet of 0.5 mm
thick and 6 mm in diameter. In the interest of world-
wide standardization, the use of 6 mm is convenient as
die sets can be bought commercially (Fig. 1). The size
is also close enough to 1/4 inch (6.35 mm), meaning
even imperial die sets will work for this purpose.

An ongoing collaboration between PSI, the University
of Bern, the University of Alabama in Birmingham
(USA), the University of lowa (USA), COMECER
(Italy), and INMAS (India) aims to create a standard-
ized inner structure for target assemblies using the 6
mm pellet format. Fig. 2 shows a prototype target
shuttle that will be compatible with the COMECER
target transfer system.

Even though pressed pellet technology is well known
at larger cyclotron facilities [2], the need for a simple
pellet target that is compatible with small medical
cyclotrons is clear. Typically, these systems have
enclosed hot cells with rudimentary or no telemanipu-
lators, predicating the need for highly automated en-
capsulation/decapsulation systems that can be safely
introduced into GMP environments.

Part of the design process for the 6 mm target standard
is the consideration for these constraints and investi-
gates such novel concepts as magnetic closing, 3D
printing and electron-beam welding in the target cap-
sule manufacturing and development processes.

[1] N. P. van der Meulen et al., Nucl. Med. Biol. 42
(2015).

[2] P. van den Winkel, Technical Reports Series No.
432, IAEA, Vienna (2004).
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435¢ PRODUCTION DEVELOPMENT BY CYCLOTRON
IRRADIATION OF ®*Ca & “Ti

K. Domnanich (Univ. Bern & PSI), C. Umbricht, M. BeneSova, C. Miiller (ETHZ & PSI/CRS),
A. Blanc, M. Behe (PSI/CRS), R. Schibli (ETHZ & PSI/CRS), A. Tirler (Univ. Bern & PSI), N.P. van der Meulen (PSI)

INTRODUCTION

In the recent years radiometal-based PET (Positron
Emission Tomography)-imaging became a widely
accepted diagnostic tool in oncology. Currently ®Ga-
based radiopharmaceuticals are utilised in clinical
practice. However, its short half-life of 68 min (Tab. 1)
impedes the transportation over long distances and
application in longer metabolic processes [1, 2]. The
positron emitting radionuclides **Sc and **Sc are con-
sidered as attractive alternatives. Both have nearly 4-
times longer half-lives and lower average B*-energies
(Tab. 1). The decay of **Sc occurs, unlike to *Sc,
without the co-emission of high-energy y-rays, which
is clearly advantageous regarding the dose burden to
patients and medical staff [3].

Tab. 1: Comparison of the nuclear properties of “Sc,
“Sc and *Ga.

438C 44SC 68Ga
ty 3.89h 3.97h 68 min
EB*a [KeV] 476 632 830
Ey [keV] 372 1157 1077
ly 22.5% 99.9% 3.22%

The production of “Sc is described by different pro-
duction routes in the literature: “*Ca(d,n)*Sc,
*Ca(p,n)**Sc and *Ti(p,a)**Sc. However, production
of sufficient **Sc activities of high radionuclidic purity
encompasses several challenges, low availability of
deuterons, a low cross section and co-production of
radionuclidic impurities [3]. Within the scope of the
project, both proton induced reactions were investigat-
ed and the product quality was proven by radiolabel-
ling experiments.

EXPERIMENTAL

Irradiation: “*Ca and “°Ti targets were prepared by
placing ~10 mg “*CaCO; and ~12 mg reduced “Ti on
top of ~150 mg graphite, pressing and encapsulating it
in aluminium. The irradiation was performed with ~12
and ~15 MeV protons at varying beam currents (30-50
pA) for 1-4 hours. Enriched Ti is only available in its
hardly soluble oxide form. Therefore, 97% *TiO, was
reduced to “°Ti at GSI (Gesellschaft fir Schwerionen-
forschung), Darmstadt previously [4] and the process
further developed at PSI. Chemical Separation: After
the irradiation, both target materials, “*CaCOs and “°Ti,
were dissolved in hydrochloric acid and “Sc was
chemically separated on the extraction chromatograph-
ic resin DGA by subsequent application of HCI at
different concentrations. The eluted **Sc fraction was
concentrated on the cation exchange resin SCX and
reconcentrated in only 700 pL 4.8M NaCl/0.13M HCl
eluent. Radiolabelling: The isolated **Sc was radio-
labelled with  DOTANOC and DOTA-conjugated
peptides and used for preclinical in vivo PET-imaging.

RESUL TS AND DISCUSSION

The Ar-based reduction process for “TiO, was
changed to vacuum and in combination with a modi-
fied sample preparation, the reduction yield was in-
creased to 97.8%. The application of the optimised
reduction method will probably allow the preparation
of purer °Ti target material.

At the end of bombardment activities of 380-620 MBq
were obtained from the “*Ca-targets, while from “°Ti-
targets only 80-180 MBq “*Sc could be produced.

After the separation from *“Ca, the product contained
66.2% **Sc and 33.3% “Sc, which was produced from
*Ca in the target material via the **Ca(p,n)*Sc nuclear
reaction. The isolated “Sc was radiolabelled with
DOTA-conjugated minigastrin and several minigas-
trin-analogues at a specific activity of 7-12 MBg/nmol.
As a proof-of-concept, PET/CT imaging was per-
formed 1, 2, 3, and 17 hours after injection into four
tumour bearing mice (Fig. 1).

Fig. 1: PET/CT scans of mice bearing s.c. medullary
thyroid cancer 3 h (A) and 17 h (B) after injection of
#3¢c-DOTA-minigastrin.

The isolated product from the irradiated “Ti-targets
was of high radionuclidic purity, containing 98.2%
3¢, only 1.5% “4Sc and less than 0.08 % long-lived
#msc, *Sc, #’Sc and *8Sc. The co-produced Y-isotopes
Y, 89y 8y present at 0.29%, probably originate
from the introduction of nat. Sr-impurities during the
“®Ti0, reduction process. Bench experiments with the
extraction chromatographic resin UTEVA allowed
successful separation of the Y-impurities, however,
the losses of “*Sc activity in the waste fraction were
considered too high. The obtained **Sc was success-
fully radiolabelled with PSMA and used for in vivo
PET/CT imaging of a tumour bearing mouse as a
proof of concept (results not shown here).

[1] G. Kramer-Marek et al., Curr Pharm Des 18,
2657 (2012).

[2] M. Gabriel et al., J Nucl Med 48, 508 (2012).

[3] R.Walczak et al., EINMMI Physics 33, 1 (2015).

[4] B.Lommel etal., J Radioanal Nucl Chem 299
977 (2014).
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PRODUCTION AND SEPARATION OF #'Sc FOR
RADIOPHARMACEUTICAL APPLICATIONS

K. Domnanich (Univ. Bern & PSI), U. Késter (ILL), B. Ponsard (SCK/CEN), M. BeneSova,
K. Siwowska, C. Miller, R. Schibli (ETHZ & PSI/CRS), A. Tirler (Univ. Bern & PSI),
N.P. van der Meulen (PSI)

INTRODUCTION

In the past few years an increased demand for novel
radionuclides, fulfilling the characteristics of a
“matched pair”, emerged in the field of nuclear medi-
cine [1]. The radionuclides of scandium **Sc, ““Sc and
'S satisfy all the requirements due to their identical
chemical behaviour but different physical properties.
The decay characteristics of “*Sc and *‘Sc are well
suited for Positron Emission Tomography-imaging,
while the low energy PB’-emitter *Sc (t,=3.4 d,
Ep =162 keV, Ey = 159.4 keV (68.3%)) could be
utilised for targeted tumour therapy. *'Sc is consid-
ered as an attractive alternative to the currently clini-
cally applied *""Lu (t,=6.7 d, Ep =134 keV, Ey =
208.4 keV (11.0%)) [2, 3]. The aim of the following
study was the production of sufficient *’Sc activities
of high quality, suitable for radiopharmaceutical ap-
plication. The two neutron induced reactions
“Ti(n,p)*'Sc and “°Ca(n,y)*Ca—""Sc, were investi-
gated and compared.

EXPERIMENTAL

Irradiation: Quartz glass ampoules, containing 0.14-
0.35 mg “°Ca were irradiated in the high flux reactors
of Institut Laue-Langevin, Grenoble and SCK.CEN,
Mol with nypem-fluxes of ~1.2*10% and 3.2*10%
n/cm?*s, respectively for 4-11 days. The irradiation of
“"Ti containing ampoules (0.6-19.9 mg) was per-
formed at SINQ, PSI (Nperm-flux=3.2*10*% n/cm?*s)
for 11-19 days or at SCK.CEN for 7 days and both
production methods were compared with regard to
their yield and radionuclidic purity. Chemical Sepa-
ration: After crushing the irradiated “°Ca ampoule,
the target material was dissolved and *'Sc was sepa-
rated on DGA extraction chromatographic resin using
different concentrations of HCI. To up-concentrate
the “’Sc in a smaller volume, a second, smaller DGA
column was used and the product was eluted in only
700 puL 0.05 M HCI. Radiolabelling: Radiolabelling
of “’Sc was performed with DOTANOC at a specific
activity of 10-25 MBg/nmol immediately and 3 days
post separation. The in vitro stability was investigated
in PBS (phosphate buffered saline, pH 7.4) at room
temperature over 3 days and was compared to *'’Lu-
DOTANOC.

RESULTS AND DISCUSSION

Neutron irradiation of the “°Ca targets resulted in the
formation of 0.2-1.9 GBq *’Sc and considerably less
'S¢ (3.9-4.9 MBq “’Sc) could be produced from “'Ti.
This is due to a lower nuclear cross section and a
lower abundance of fast neutrons, required to induce
the nuclear reaction. The separation of “*“’Ca and
“’Sc was performed on a custom-made separation
panel inside the hot-cell (Fig. 1). A second separa-

tion could be performed after a minimum in-
growth time of 3 days, due to the renewed genera-
tion of “’Sc from the decay of *Ca. The obtained
product was of high radionuclidic purity (99.995 %),
containing max. 0.005 % long-lived “*Sc in the eluate
of the first separation. It was directly used for label-
ling experiments and for in vivo/vitro applications
(data not shown here).

Fig. 1: “’Sc separation panel designed for the opera-
tion in the hot-cell.

Radiolabelling of “’Sc was reproducibly performed at
a specific activity of 10 MBg/nmol DOTANOC.
4’Sc-DOTANOC was stable over a period of 3 days
in PBS, with less than 2.1% of free *’Sc, which is
comparable to the clinically-used analogue "Lu-
DOTANOC (Fig. 2).
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Fig. 2: Stability of *’Sc-DOTANOC (A) in compari-

son to *"Lu-DOTANOC (B) in PBS.

Regarding the low production yield from the irradiat-
ed “'Ti-targets and a higher percentage of long-lived
“8Sc (up to 11.5%), the production of sufficiently
high *’Sc-activities for radiopharmaceutical purposes
was not considered possible, and, thus, chemical
isolation of *’Sc from *'Ti was not performed and
further investigations of this route were omitted. In
view of the promising results from the “Ca-
irradiations, the research focus will be laid on this
production pathway.

[1] F. Kraeber-Bodere et al., Font Med 1:16 (2014).

[2] C. Mdlleretal., J Nucl Med 55, 1658 (2014).

[3] B. Bartos et al., Radiochim. Acta 100, 457
(2012).



THE DCB-UNIBE RADIOPHARMACEUTICAL
LABORATORY AT SWAN HOUSE

J. Moreno, O. Leib, M. Bunka, T. Basaco, N. Meneses, A. Tirler (Univ. Bern & PSI)

During 2016, the team at the DCB-UNIBE radio-
pharmaceutical laboratory (Fig. 1) continued with the
routine production of [*°Ga]DOTA-TATE, which is
used as radiotracer for diagnostic of NETs by
PET/CT). The radiotracer was produced to support
the clinical study called “GAIN” project, which was
coordinated with the Department of Nuclear Medicine
at the Inselspital and SWAN Isotopen AG. The num-
ber of patients treated with the [**Ga]DOTA-TATE
for clinical studies was of approximately 20 as during
2015. In total, within the frame of these studies, 78
patient doses have been released. The [®*Ga]DOTA-
TATE was also used in patients who received a spe-
cial authorization from Swissmedic. In this period the
number of doses released for these patients increased
from 26 in 2015 to 42 in 2016. Indeed, the
[®®Ga]DOTA-TATE from the DCB-UNIBE radio-
pharmaceutical laboratory was distributed not only to
the local hospital facility in Bern but also to the uni-
versity hospital in Lausanne.

In addition to the production of [**Ga]DOTA-TATE,
special authorizations were received from the regula-
tory authorities to produce [*’Lu]DOTA-TOC for
peptide receptor radionuclide therapy (PRRNT)
treatment of neuroendocrine tumors in selected pa-
tients. As a result, the first six doses of 7.4 GBq each
were released to the “Kantonspital St. Gallen” during
the vyear. The overall radiochemical vyield of
[""Lu]DOTA-TOC was higher than 85 % in these
processes as shown in Fig. 3.

In this period, a planned inspection of the RHI “Re-
gionales  Heilmittelinspektorat der  Nordwest-
scheweiz” representing the regularity authorities took
place and the work of the team was positively evalu-
ated. As a result the Certificate of GMP Compliance
was received with the authorization to manufacture
investigational medicinal products.

Fig. 1: Team at the DCB-UNIBE Laboratory in
SWAN Haus, Bern.

Regarding the research and development work, the
validation work for the manufacture of the diagnostic

radiopharmaceutical [®°Ga]JPSMA-11 at the DCB-
UNIBE radiopharmaceutical laboratory was complet-
ed. Major concerns affecting the quality were evalu-
ated. The updated assessment was focused on con-
cerns related to the risk of microbiological contami-
nation and radiation protection issues. The synthesis
of [®*Ga]PSMA-11 was set up based on the acetone
free method with optimised parameters for the yield
during the pre-purification step. The parameters of the
process included in the automatic projects were spe-
cifically developed for the ITG and EZAG Ga-
Generators. The analytical methods were validated
and approved before the production validation.

[®*Ga]PSMA-11 is intended to be used as radiotracer
for diagnostic of prostate cancer by PET/CT.

Radiochemical yield of [3Ga]-PSMA-11 using
the ITG %Ge/*®Ga generator
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Fig. 2: Radiochemical yield of [®Ga]PSMA-11 in
bioburden and validation test batches.
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Fig. 3: Radiochemical yield of ['’Lu]DOTA-TOC in
batches produced during 2016.

After the successful submission of the relevant appli-
cations and documents that included the Quality
Dossiers, provisional authorizations for the produc-
tion of therapeutic ['”LuJDOTA-TOC and diagnostic
[®®Ga]DOTA-TATE and [**Ga]PSMA-11 were ap-
proved by Swissmedic.



CHARACTERIZATION OF GIRENTUXIMAB CONJUGATES FOR
RADIOIMMUNOTHERAPY

T. Basaco (Univ. Bern & PSI), S. Pektor (Univ. Mainz), J. Moreno (Univ. Bern ), M. Miederer (Univ. Mainz),
A. Tarler (Univ. Bern & PSI)

Radiopharmaceuticals based on conjugated monoclo-
nal antibodies (mAb) have become a potential tool in
nuclear medicine, because of their specificity and the
large variability and availability of therapeutic radio-
metals. Girentuximab (G250) is a potential candidate
for radioimmunotherapy of renal clear cell carcinomas
(RCCs) because it is reactive with CAIX antigen, a
transmembrane glycoprotein overexpressed on the cell
surface of most of RCCs (>90%) [1-2].

G250 was conjugated 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-Bn-DOTA) using variable
incubation times in order to obtain different types of
conjugates. DOTA-G250 conjugates were analysed by
size exclusion chromatography (SE-HPLC) and by
electrophoresis (SDS-PAGE). Different types of DO-
TA-girentuximab conjugates were obtained and classi-
fied depending of the number of molecules of BFC
attached to the mAb. The ratio DOTA/mAb decreases
in the following order: Type | > Type Il > Type I

(3]

In order to identify the conjugation sites and number
of attached chelator molecules to mAb, the conjugates
were characterized by Mass Spectrometry. Potential
DOTA modification sites of the chelator were identi-
fied in lysine residues (K) by liquid chromatography-
mass spectrometry (LC/MS-MS). DOTA modifica-
tions were not always allocated to the same lysine
residue within a peptide. The occupancy of a lysine
residue with the DOTA modification was calculated
by MxQuant. Complementary determining regions
(CDR) of G250 were not modified by DOTA [3]. The
number of linkers per molecule of mAb was calculat-
ed using the molecular weight (MW) measured by
matrix assisted laser desorption ionization-time of
flight mass spectrometry (MALDI-TOF MS) using a
saturated solution of a-Cyano-4-hydroxycinnamic acid
(CHCA) as a matrix in non-reduced and reduced con-
ditions. The average number of DOTA molecules per
molecule of mAb was calculated using the molecular
weight mass spectra chromatogram (Fig. 1 and Fig. 3)
and 0.552 kDa as molecular weight of p-SCN-fn-
DOTA following the formula below:

Ratio DOTA _ MW conjugates (kDa)—MW native (kDa)
mAb MW DOTA (kDa)

The average number obtained for the conjugates in
non-reduced conditions was between 8-10 molecules
of DOTA per molecule of mAb. The average number

obtained in the conjugates in reduced conditions was
between 1-2 and 3-4 molecules of DOTA per mole-
cule of mAb in the light chain (LC) and heavy chain
(HC) respectively.
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Fig. 1: MALDI-TOF mass spectrum of native G250.
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Fig. 2: MALDI-TOF spectrum of p-SCN-pn-DOTA-
G250 conjugate (Type I1).

Fig. 3: MALDI-TOF mass spectrum of p-SCN-pn-
DOTA-G250 conjugate (Type I1) reduced with DTT.
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The DOTA-G250 conjugates were labelled with *"Lu
with a radiochemical yield > 95% reaching specific
activities of 12 MBg/pg. The radiostability of *"Lu-
DOTA-G250 at high specific activity was increased
by addition of sodium ascorbate after the labelling.

% RCP vs time
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Fig. 4: Radiostability of *"’Lu-DOTA-G250 in HSA
1% at 37°C by ITLC.

The in vitro stability of different types of radiocon-
structs was analyzed in human serum albumin (HSA)
and was more than >90% up to 10 days at 2 MBqg/ug
specific activity (Fig. 4).

Binding and internalization assays to SK-RC-52 cell
were performed using different radioconstructs in
HSA 1% at 37°C 48 h after the labeling (Fig. 5). Ra-
dioimmunoactivity was higher for conjugates with less
DOTA content.

Ratio DOTA/mAb
80- Type | > Type Il > Type Il

70 Bl % bound
B % internalized

N NN N
2
< <& P K P <
CAIX (-) CAIX (+)

Fig. 5: Radioimmunoactivity in vitro of *’Lu-DOTA-
G250.

The animal experiments were performed in male nude
BALB/c nu/nu mice (Janvier, le Genest-Saint-Isle,
France). Tumor growth was induced by a subcutane-
ous injection of 0.1 mL of a suspension of 3x10° SK-
RC-52 cells. Protein dose was optimized in mice with
subcutaneously growing SK-RC-52 tumors using
different amounts of *’’Lu- DOTA-G250. The tumor
uptake of "Lu-DOTA-G250 was higher in the group
of animals, who received 30 pg protein doses (Fig. 7).
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Fig. 6: Biodistribution of *"’Lu-DOTA-G250 in mice
Balb/c nu/nu with subcutaneous SK-RC-52 tumor 24,
48 and 96 hours after injection.
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Fig. 7: Biodistribution of "’Lu-DOTA-G250 in mice
Balb/c nu/nu with subcutaneous SK-RC-52 tumor 48
hours after injection using different doses of mAb.

Acknowledgements:

Mass spectrometry sequencing data was acquired at
the Proteomics and Mass Spectrometry Core Facility,
Department of Clinical Research, University of Bern,
Switzerland.

MALDI-TOF mass spectra data was obtained at Pro-
tein Analysis group, Department of Chemistry and
Biochemistry, University of Bern, Switzerland.

All animal experiments were approved by the Animal
Experiments Committee of the University Medical
Center of Johannes Gutenberg Mainz and performed
in accordance with its guidelines.

[1] E. Oosterwijk et al., Int. J Cancer 38, 489 (1986).

[2] Oosterwijk-Wakka et al., Int J Mol Sci 14: 11402
(2013).

[3] T.Basaco et al., Ann Rep. Lab. of Radio-& Envi-
ron. Chem., Univ. Bern & PSI, p. 59 (2015).

[4] A. Brouwers, etal., J Nucl Med 45, 327 (2004).



38

EVALUATION OF CAIX EXPRESSION IN NUDE MOUSE XENOGRAFT MODEL

T. Basaco (Univ. Bern & PSI), J.A. Galvan (Univ. Bern), S. Pektor (Univ. Mainz), J. Moreno (Univ. Bern),
M. Miederer (Univ. Mainz), A. Tirler (Univ. Bern & PSI)

INTRODUCTION: Girentuximab (G250) is a high-
affinity chimeric monoclonal antibody (mAb) reactive
against the carbonic anhydrase IX (CAIX) antigen.
CAIX is a membrane isoenzyme and hence imparts a
membrane-predominant staining pattern by immuno-
histochemistry [1-2]. Given that CAIX contains an
extracellular domain, it has been shown that this will
allow for an easier access and direct binding of anti-
bodies. The G250 has shown a remarkable targeting
ability and therefore it has become a potential candi-
date for radioimmunotherapy of clear cell carcinomas
(RCC) because CAIX is overexpressed on the cell
surface of most (>90%) RCCs [3]. The aim of the
experiment is to optimize the in vivo mice model by
CAIX immunohistochemistry for further animals stud-
ies with conjugated G250 labelled with therapeutic
radionuclides such as *’’Lu or ?*Ac.

MATERIAL & METHODS: Nude Mouse Xeno-
graft Model. The RCC cell line SKRC-52 were cul-
tured in RPMI medium (Life Technologies, CH) sup-
plemented with 10% fetal calf serum (FCS) at 37°C in
a humidified atmosphere with 5% CO,. SKRC-52 cells
were injected subcutaneously (Fig. 1) into the right
flank of BALB/c nu/nu mice (Janvier, le Genest-Saint-
Isle, FR). The procedure was approved by the Animal
Experiments Committee of the University Medical
Center of Johannes Gutenberg Mainz and performed in
accordance with its guidelines.

Fig. 1: Picture of the tumor volume on the animal and
tumor sample.

The tumor and normal tissue (stomach, liver, gallblad-
der and spleen) samples were taken after 4, 5 and 6
weeks inoculated the SKRC-52 cells in groups of 3
animals. The samples were briefly washed with PBS,
fixed with 4% paraformaldehyde and embedded in
paraffin. The paraffin blocks were cut at 3 um for
hematoxylin and eosin (H&E) and immunohistochem-
istry (IHC).

ICC and IHC. The detection of CAIX expression was
performed using anti CAIX rabbit polyclonal antibody
(Abcam, UK, Ref ab15086), 1:1500 dilution for 30
min at room temperature. The antigen retrieval was
performed in Tris-buffer at 95° for 30 min. During all
experiments, human gastric mucosa was used as a
positive control.

RESULTS: Tumor volume. After inoculation of the
SK-RC-52, tumor size were measured in 2 dimensions
(length x width) at least twice a week with a caliper.
The tumor volume was calculated using the equation
below:

V= % % (higher measure) = (lower measure)*

The calculated tumor volume growth per animal is
shown below (Fig. 2).

3x10%in 0.1 mL

1000 -

_ - 1
E 800 & 7
£ - 3
(4] -
g 600 = 4
% —- 5
S 400 o B
[=]
E 200 el
2 — 8
04 Syl - 4
0 0 20 30 40 50 60 . g

days after tumor inoculation

Fig. 3: Tumor volume vs days after inoculation.

CAIX expression. Prior inoculation of the SKRC-52
cells on the animals, conventional immunocytochemis-
try (ICC) was performed to evaluate the expression of
CAIX. As expected, 100% of CAIX was detected in
SKRC-52 cells. Strong immunostaining intensity,
localized in cell membrane of the SK-RC-52 cell line
with a linear pattern and negative on the SK-RC-18
cell line (Fig. 2).

A

SKRC 52

SKRC 18

Gastric mucosa

Fig. 2: CAIX immunostaining in SKRC-52 and SK-
RC-18 cell lines and gastric mucosa.
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Fig. 4: CAIX immunostaining in tumor, Homogeneous
pattern, low vascularity, 80% confluent necrosis, vol-
ume 15 mm®. 1x and 20x objective, respectively.

Fig. 5: CAIX immunostaining of tumor, homogeneous
pattern, volume 544 mm®. 1x and 20x objective, re-
spectively.

Fig. 6: H&E of the tumor (A), not necrosis. CAIX
immunostaining (B), homogeneous pattern, not necro-
sis, volume 161 mm?. 1x and 20x objective, respec-
tively.

Liver

Stomach Duodenum

Fig. 7: CAIX immunostaining in healthy tissues.
CAIX staining was only positive in gastric mucosa.

IHC analysis of CAIX showed strong intensity, local-
ized in cell membrane of the SK-RC-52 tumor de-
pending of the size and stage of the tumor. Tumors
smaller than 20 mm? and tumors larger than 200 mm®
developed necrosis. In the normal tissue samples,
CAIX immunostaining showed strong intensity in the
stomach and negative immunostaining in the rest of
the organs.

Conclusion: Further experiments with G250 radio-
constructs using the nude mouse xenograft model
should be carried out between 2 and 4 weeks after
inoculation of the SKRC-52 cells. The tumor volume
should be in the range of 20 — 200 mm? to avoid ne-
crosis and to minimize the error associated with the
tumor size among the animals.

[1] A. Luong-Player et al., Am J Clin Pathol 141,
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SOURCE APPORTIONMENT OF CARBONACEOUS AEROSOLS
BY CONTINUOUS-FLOW *C MEASUREMENTS: STATISTICAL ANALYSIS

G. Salazar (Univ. Bern), K. Agrios (Univ. Bern & PSI), S. Szidat (Univ. Bern)

The carbonaceous aerosol (total carbon, TC) and its
sub-fractions organic carbon (OC) and elemental car-
bon (EC) constitute a significant portion of the atmos-
pheric fine air particulate matter. Fossil vs non-fossil
emission sources of OC and EC fractions can be traced
back by different radiocarbon (*C) levels. In order to
increase the fingerprint information and to separate the
interferences, we have developed a method for higher
resolution thermal separation to observe sub-fractions
within OC [1], taking advantage of slower thermal
desorption ramps, online combustion and continuous-
flow *C analysis (See Fig. 1a).

Here, we apply the analysis of variance (ANOVA)
method for model selection to the whole sub-fraction
YC/*?C ratios (R values), and t-test at the beginning
and end of the linear model to answer the following
questions: Are the R values of the thermally desorbed
substances constant or do they follow a linear or quad-
ratic trend? Is the total variation AR, i.e. the difference
of R at the beginning and the end, distinguishable (see
Fig. 1b)? How to measure the signal variation strength
among samples?
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Fig. 1: a) Scheme of the thermal separation of OC
sub-fractions. b) Scheme of the statistics applied to the
R values (*C/*C ratios) showing the constant model
(red dashes) and the linear model (red line) with g and
o as slope and intercept, respectively.

The OC sub-fractions separation is done with a SUN-
SET aerosol analyser with an NDIR CO, detector [1].
0O, flow is mixed with a small amount of He and in-
jected into the instrument. The exhaust connects to a
hot copper reactor to scrub away the O, gas. Then, the
system is connected online to a MICADAS AMS with
gas ion source through a fused silica capillary [2].

ANOVA was applied with an F-test to the data illus-
trated in Fig. 1b. The comparison of the linear model
[L] versus the constant model [K] is symbolized by
[LvsK] and the quadratic [Q] vs linear comparison by
[QvsL]. ANOVA indicates if the higher-order model
significantly decreases the variance. We also com-
pared if the AR between the beginning and the end of
the linear model are distinguishable using a t-test and
the confidence interval of the model (o). Table 1
shows the t-score calculated as t(R)=AR/c.

15 aerosol samples collected in four Chinese cities [3]
containing 58 sub-fractions were statistically analysed.
Tab. 1 shows two representative cases, one from an
untreated and one from a water-extracted filter, with 3
thermal sub-fractions each. The model is considered
linear if the LvsK and the t-test for t(R) show that the
R values are distinguishable from a constant value
(p<0.05). It is regarded as quadratic if QvsL also has a
p<0.05. The total variation AR is reported as a pMC
range for the Q and L models. 26% of the sub-
fractions showed linearity with OC 200°C as an ex-
ample. The QvsL of OC 300°C and WINSOC (water-
insoluble OC) 200°C indicate that they are even better
represented by the quadratic model and this was
shared by 19% of the data. For the remaining 55% of
the cases, a rejection of the null hypothesis of the
statistical test is not justified so that the constant mod-
el is the appropriate choice. The t(R) score is also
useful to linearly compare the strength of signal varia-
tion among different samples. Sub-fractions OC
200°C and WINSOC 200°C have the strongest varia-
tions which allows to easily distinguish linear varia-
tions of 38-49 and 26-41 pMC, respectively.

Tab. 1: ANOVA results for continuous-flow **C
measurements of different thermal fractions of OC and
water-insoluble OC (WINSOC) from an air filter from
Beijing [3]. Green and red colours indicate that the
higher-order model is statistically significant or not,
respectively.

Fraction ANOVA t(R) “c G
QusL | LvsK (PMC) | (pMC)
ocC 38.4-
ZOOOC 41 490 38
ocC 51.9-
300°C 24 | 597 | 4O
65.2 1.2
WINSOC 263 | , .
200°C 41.0 )
WINSOC
SOOOC 391 13
WINSOC
3750(: 501 11
[1] K. Agrios et al, Radiocarbon, DOI:

10.1017/RDC.2016.88, in press.
[2] S. Szidatetal., Radiocarbon 56, 561 (2014).
[3] R.J.Huangetal., Nature 514, 7521 (2014).
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RADIOCARBON DATING OF BONES AT THE LARA LABORATORY IN BERN

S. Szidat, E. Vogel (Univ. Bern), R. Gubler (ADB), S. Lésch (Univ. Bern, IRM)

Since the establishment of the Laboratory for the
Analysis of Radiocarbon with AMS (LARA) at the
University of Bern in 2013, the quality of sample
preparation and radiocarbon measurement procedures
have been validated for different materials such as
plant remains, macrofossils, bulk sediment, charcoals,
and wood [1]. For the optimization of the samples pre-
treatment of bones, protocols described in the literature
([2] and references therein) were investigated and
validated.

The extraction of collagen was performed with an
acid-base-acid (ABA) treatment, gelatinization, coarse
filtration, lyophilization, and graphitization [3]. In first
step, different ABA treatments were applied in order
to find out the best suitable procedure for decontami-
nation of the bones from environmental contamination
for materials close to the **C background (Fig. 1). A
full ABA treatment with a long initial acid step (60h)
was found out to be the most effective. An additional
blank contribution for bone treatment was determined
by comparison with the preparation of other sample
materials. This additional is supposed to mainly origi-
nate from the lyophilization step.
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Fig. 1: Comparison of the measured F**C value and
corresponding reference results with 16 uncertainties
for bones >35 kyr using these treatments: (1) acid
only, (2) ABA with short (1h) first acid step, (3) ABA
with short first acid step and ultrafiltration, (4) ABA
with long (60h) first acid step, and (5) ABA with long
first acid step after Soxhlet extraction [3]. Filled sym-
bols include a subtraction of the blank for a normal
ABA treatment. Open symbols represent an additional
blank for bone treatment. Reference F*C values [4]
are indicated as dashed areas.

After the definition of the final preparation method,
the second part of the study aimed to validate the bone
dating as a whole. For this, 33 samples from the Holo-
cene, predated by other 'C laboratories including
materials from VIRI/SIRI Intercomparisons [4] or
from well-known archaeological contexts, were ana-
lyzed in a blind test (Fig. 2). For these samples, the
comparison of the measured and the reference age
matched within 2o confidence for 31 out of the 33
bones. In particular, our measurements agreed well for
the samples VIRI-F/H/I [4], whose reference ages are
the most reliable of all bones.

The average age offset between expected and meas-
ured **C age of all 33 samples except for the two out-
liers amounts to —4 yr, i.e. with measured values
slightly younger than expected on the average. The
standard deviation of the age offsets is 44 yr, calcu-
lated referring to the single analysis. This scatter re-
produces well the average uncertainty of the individu-
al age offsets of +48 yr for this subset of data. This
outcome suggests that our laboratory is able to date
Holocene bones correctly and the outlier cases require
closer examination.
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Fig. 2: Deviation of the measured **C age of bones
and teeth from the reference *C age for Holocene
samples with 1o uncertainties [3]. Reference '*C ages
are given in years before present (BP, i.e. referring to
the year 1950 AD).

[1] S. Szidat et al., Radiocarbon 56, 561 (2014).
[2] R-H Fuldp et al., Radiocarbon55, 491 (2013).
[3] S. Szidatetal., Radiocarbon,

DOI: 10.1017/RDC.2016.85, in press.
[4] E. M. Scott et al., Radiocarbon, 52, 846 (2010).
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ISOLATION OF BLACK CARBON AND ELEMENTAL CARBON
FOR SOURCE APPORTIONMENT IN SEDIMENTS BASED ON C ANALYSIS

M. Vonwiller (Univ. Bern & PSI), C. Steiner, S. Szidat (Univ. Bern)

Sediments are an important sink for air-borne particu-
late matter. Lake sediments may therefore serve as
environmental archives for atmospheric PM concen-
trations of the past. However, two major drawbacks
limit the potential of lake sediments as such archives.
On the one hand, the regional atmospheric input
needs to be distinguished from the local input of the
catchment of the lake, which has been deposited by
surface run-off or resuspended by winds erosion. On
the other hand, tracing back atmospheric PM concen-
trations from sediment records is often hardly possi-
ble due to the lack of quantitative information on
scavenging and deposition factors.

There is a great inconsistency about the terminology
of black carbon (BC) within the literature of sediment
and atmospheric sciences. Whereas BC is defined as
an ideally light-absorbing substance composed of
carbon and discriminated from elemental carbon (EC)
as derived from evolved thermal methods in atmos-
pheric sciences [1], it describes a continuum of slight-
ly charred biomass, charcoal and soot in the sediment
community [2].

This project aims at the development of an EC isola-
tion procedure from sediment (and soil) samples for
subsequent *“C analysis to differentiate between fossil
and wood-burning sources. For this, it is crucial to
remove the inorganic sediment matrix and organic
carbon (OC) to reduce charring of the latter during
the thermal removal of the remaining OC. Four dif-
ferent acid digestions were tested based on the meth-
ods developed by Han et al. [3, 4]. The procedure
shown in Fig. 1 turned out to be the most promising
methodology to remove most components interfering
with the EC isolation.

Suspending a representative sample in 5 ml water (pH 5-6)
LV

Sonication for 30 min
55

Sample + 5 ml 2M HCI (1 h)
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Centrifugation and rinsing with 25 ml water (pH 5-6)
i

Residue + 5 ml 23M HF

Centrifugation and rinsing with 25 ml water (pH 5-6)
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Depositing the sample onto a quartz fiber filter by filtration
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Fig. 1: Complete workflow of the EC isolation pro-
cedure and subsequent **C analysis.

The approach shown in Fig. 1 was motivated by the
thorough method development of the acid digestion
treatment of sediment samples on the one hand [3, 4]
and by our own experiences of EC isolation from
atmospheric aerosols collected on quartz fibre filters
on the other hand [5].

Two reference materials (NIST SRM-1649a “Urban
Dust” and IAEA-SL-1 “Lake Sediment”) and mix-
tures thereof were used to assess the selectivity of the
OC/EC separation.

Energy-dispersive x-ray analysis indicated that Si, Al
Fe and most major earthbound elements are efficient-
ly removed in the acidic pretreatment while minor
elements such as Ti and Zr are not affected.

The acid digestion yields an improved EC yield com-
pared to non-treated samples and has furthermore a
positive effect on OC charring as well as on the EC
recovery (Fig. 2). However, low EC recoveries were
observed for the complete procedure (20+10%),
whereof ~50% EC loss occurred during the deposi-
tion/filtration step. Further tests are necessary includ-
ing the analysis of ambient sediment samples.
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Fig. 2: Prolonged thermal-optical protocol for OC/EC
separation in sediments based on the Swiss_4S proto-
col [5]. The NDIR shows evolving OC + EC during
the thermal steps S1-S4. ATN refers to the decrease
of EC due to the change of the optical attenuation.
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[3] Y. Han et al., Water Air Soil Pollut. 17, 167
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[4] Y. Han etal., Chemosphere 75, 92 (2009).

[5] Y.L.Zhang etal., Atmos. Chem. Phys. 12,
10841 (2012).
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RADIOCARBON ANALYSIS OF METHANE 1: OPTIMIZATION OF THE
CHOMATOGRAPHIC SEPARATION OF PRECONCENTRATED AIR SAMPLES

C. Espic, M. Liechti, M. Battaglia, S. Szidat (Univ. Bern)

Methane (CH,) contributes substantially to global 0
warming as the second most important anthropogenic Ny + 0,
greenhouse gas. Although the global budget of at- e o, -
mospheric CH, is quite well constrained, individual 5000 —— sl 561
sources remain poorly quantified and not well under-

stood [1].

The radiocarbon (**C) content of CH, emissions is of 2000
growing interest since it can be used as a tool for a 1000 o cHs
CHj, source apportionment [2]. Indeed, contemporary 0 /\
CH, (e.g. from agriculture, biomass burning) contains o
present-day **C levels whereas fossil CH, (e.g. from fetention time (min)

fossil fuels, geologic sources) is almost **C-free [3].

4000

3000

Intensity (a.u.)

Fig. 1: TCD Chromatograms showing the optimized

These radiocarbon measurements i:4an be performe_d separation of a 1 ml and 5 ml gas mixture (79% N,,
by ac_celerator mass spectrometry (*"C-AMS) but this 12% CO,, 5% O,, 2% CO and 2% CH,)

task is challenging given the large amounts of CH,

required and its very low concentration in the According to the physical properties of the packing
atmosphere. CH, is usually cryogenically separated material, the gases are mainly separated depending
from other trace gases (mainly CO and CO,), but on their volatility. The oven temperature is kept at
cross contamination remains an issue difficult to 40 °C for the first 4 minutes, to ensure an acceptable
overcome [4]. separation of CO from bulk air, then a temperature

ramp of +10 °C/min is applied to shorten the run. The
PP inlet is used in constant pressure mode (20 psi),
which causes a gradual decrease of the He carrier gas
flow rate from 14 ml/min down to 9 ml/min as the
temperature of the oven increases.

Our research aims at enabling the extraction of CH,
from various kinds of environments (atmosphere,
fresh waters and wetlands) and performing *“C meas-
urements with the MICADAS AMS in our laboratory
[5]. We decided to adapt and develop analytical set-

ups to pre-concentrate CH, directly in the field in Although the separation of CO, CH, and CO;, is suc-
order to bring small samples to the lab where CH, is cessful for a 1 ml injection of the standard gas mix-
purified and prepared for *C measurements. Our ture, the chromatogram of the 5 ml injection shows
strategy is to develop a preparative gas chromatog- an incomplete separation of CO form bulk air. This is
raphy technique (pGC) [6] to separate CH, from other due to the relatively large amounts injected, causing
gases, giving the possibility to check the CH, purity. an overloading of the column. The consequences are
Furthermore, this technique also allows the recovery a peak broadening, tailing and shift to earlier reten-
of CO and CO, for a more comprehensive environ- tion times. However, we are still able to separate CH,
mental study. and CO, for the amounts of carbon requested for **C-

AMS measurements. Indeed, 5 ml of the standard gas
mixture corresponds to a CH, amount of approxi-
mately 50 pg C, which is a typical amount for *C-
AMS gas measurements.

The gas samples are injected with a syringe in an
Agilent 7890B GC equipped with a purged packed
(PP) inlet and a thermal conductivity detector (TCD).
We use a Restek Shincarbon ST 80/100 packed

column, with an internal diameter of 2 mm and a ACKNOWLEDGEMENT
length of 2 m, as this column contains an ideal We are grateful for_ funding through the Dr. Alfred
medium for the separation of permanent gases and Bretscher Scholarship.

hydrocarbons. Because the gas samples will be pre-
concentrated before GC separation on the one hand

and the detector is not sensitive enough for the [1] E.J. Dlugokencky et al., Philos. Trans. R. Soc
detection of atmospheric trace gases on the other Lbndon Ser. A 369 205%3 (2011)' Y '
hand, a standard gas mixture “SGM” (79% N, 12% 21 KR L : t | ’At ch X Phvs. 7. 2141
CO,, 5% 0,, 2% CO and 2% CH,), containing higher [21 (2'00'7) assey et al., Atmos. them. Fhys. 7,
concentrations of the trace gases, was used for the GC @ V. V ' Petrenko et al. Radiocarbon 50. 53
method optimization. (2.0085 v '
Figure 1 presents the chromatograms (TCD signals) [4] M. Pack et al., Org. Geochem. 78, 89 (2008).

of the syringe injections of 1 ml and 5 ml standard [5] S. Szidatetal., Radiocarbon 56, 561 (2014).

gas mixture. [6] T.Ozekand F. Demirci, Methods Mol. Biol.

864, 275 (2012).



44

RADIOCARBON ANALYSIS OF METHANE 2: DEVELOPING A PREPARATIVE GAS
CHROMATOGRAPHY TECHNIQUE FOR METHANE PURIFICATION

M. Liechti, C. Espic, M. Battaglia, S. Szidat (Univ. Bern)

The Methane Purification Setup (MPS) allows the
collection of CH,-derived CO, samples coming from
pre-concentrated air samples (see Fig. 1). The general
procedure can be described as follows: a gas mixture is
injected with a syringe into the GC column where each
gas is chromatographically separated (separation).
The pure gases of interest, mainly CH, but also CO
and CO, are then separately trapped in individual traps
(trapping). CO, CH, and CO, are finally successively
transferred to a CuO oven where they are oxidized to
CO, (combustion) and sealed in a glass ampoule
(recovery).

During trapping, the exhaust of the Thermal
Conductivity Detector (TCD) is connected to the
selector valve (V2) where a trap is chosen as the
corresponding gas elutes from the GC column. The
traps are filled with activated carbon and cooled at
-196 °C. The traps are then immersed in a hot water
bath (ca. 95 °C) to release the adsorbed pure gases,
which are successively flushed with an external He
flow of 10 ml/min to a CuO oven heated to 950 °C.
The pure sub-fractions are then sealed in a glass
ampoule, using an adaptation of the THEODORE
system [1]. The whole procedure lasts 1.5 h, including
the separation and recovery of CO, CH, and CO, from
a gas mixture and the cleaning of the system.

No breakthrough during trapping is observed for CH,
samples containing up to 1 mg C and the combustion
of CH, is complete for these sample sizes.

A semi-quantitative evaluation of the constant
contamination of the system (procedural blank) was
performed by injecting, trapping and recovering
different amounts of fossil CO, (see Fig. 2). Assuming
the contamination to be modern, we get a

ontamination of ~40 ng C. This rather low value is
similar to the results obtained for the gas injection
system of the MICADAS AMS [2]. We assume the
contamination for CO and CHj, to be in the same order
of magnitude. The cross contamination from the
previous sample is ~3%. for CO, samples and is
assumed to be lower for CH, and CO as they are more
volatile.

Fig. 2: **C measurements of fossil CO, CH, and CO,.
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Cross Sections for the proton-induced production of long-lived radionuclides in heavy metal targets
Nuclear Data Conference 2016, Brugge, Belgium, 11-16 September, 2016.
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RADIONUCLIDE DEVELOPMENT

K. Domnanich
3¢ production development by cyclotron irradiation of “*Ca and “°Ti
ICTR-PHE 2016, Geneva, Switzerland, 16 February, 2016.

K. Domnanich
3¢ production development by cyclotron irradiation of “*Ca and “°Ti
9th International Conference on Nuclear and Radiochemistry - NRC9, Helsinki, Finland, 29 August - 2 September, 2016.

N. van der Meulen
New radionuclides for theragnosis: nice to have or need to have?
Lecture at University of Padova, Italy, 22 January, 2016.

N. van der Meulen
Novel Diagnostic and Therapeutic Radionuclides for the Development of Innovative Radiopharmaceuticals
Meeting of ISOLDE Committee, CERN, Geneva, Switzerland, 3 February, 2016.

N. van der Meulen

The use of ***Tb and *?Tb in preclinical investigations: an update on its mass separation and subsequent application
for imaging and therapy

ICTR-PHE 2016, Geneva, Switzerland, 19 February, 2016.

N. van der Meulen

Preclinical imaging study using **Th-DOTANOC — Promising features of “*Tb for theragnostics combining a-therapy
and PET

EMIM 2016, Utrecht, Netherlands, 10 March, 2016.

N. van der Meulen

The production of radionuclides for diagnostic and therapeutic application in nuclear medicine
RANC International Conference on Radioanalytical and Nuclear Chemistry, Budapest, Hungary,
10-15 April, 2016.

N. van der Meulen

The use of **Tb and **2Tb in preclinical investigations: an update on its mass separation and subsequent application
for imaging and therapy

SGNM 2016, Davos, Switzerland, 20 May, 2016.

N. van der Meulen
Scandium radionuclides for radiotheragnostics: preclinical investigations
IRIST 2016, Lausanne, Switzerland, 27 May, 2016.

N. van der Meulen
The production of exotic radionuclides towards theragnostics
UAB Radiology, Seminar in Molecular Imaging, Birmingham, Alabama, USA, 26 August, 2016.

A. Tlrler
Theranostics and tracer development (invited)
Norwegian Association of Medical Physics, Kvitfiell, Norway, 8-10 February, 2016.

A. Trler
Possibilities for Production of Uncommon Radionuclides with Commercial Cyclotrons (invited)
First Kuopio Symposium on PET Imaging and Radiotracer Production, Kuopio, Finland, 16-17 May, 2016.

C. Vermeulen
Radionuclide developments at PSI
CYCLEUR 2016, Bern, Switzerland, 27 June, 2016.

C. Vermeulen
Report from the lab: Paul Scherrer Institut
WTTC16, Santa Fe, USA, 31 August, 2016.
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DCB-UNIBE RADIPHARMACEUTICAL LABORATORY AT SWAN HaAus-2016

M. Bunka

Postgraduate certificate course in radiopharmaceutical chemistry/radiopharmacy, module I11 “radiopharmacology and
clinical radiopharmacy”

Leipzig, Germany, 5-16 September, 2016.

T. Basaco Bernabeu
Characterization of Girentuximab-Dota conjugates for labelling with therapeutic radionuclides
RANC-2016, Budapest, Hungary, 10-15 April, 2016.

T. Basaco Bernabeu
Characterization of Girentuximab-Dota conjugates for labelling with therapeutic radionuclides
NRC9-2016, Helsinki, Finland, 29 August - 2 September, 2016.

O. Leib

Postgraduate Certificate Course in Radiopharmaceutical Chemistry/Radiopharmacy, Module 11 “Radiopharmaceutical
Chemistry”

Zurich, Switzerland, 8-19 February, 2016.
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ENVIRONMENTAL RADIONUCLIDES UNIVERSITAT BERN

C. Alewell, J.P. Kriiger, P. von Sengbusch, S. Szidat, J. Leifeld
Carbon isotopes as indicators of peatland growth?
European Geosciences Union, General Assembly 2016, Vienna, Austria, 17-22 April, 2016.

B. Amann, S. Szidat, M. Grosjean

Varved sediments of Lake Oeschinen, NW Alps: filling the gap in the flood frequency-precipitation relationship for the
last millennium

European Geosciences Union, General Assembly 2016, Vienna, Austria, 17-22 April, 2016.

T. Berhanu, S. Szidat, M. Leuenberger
First results of the **C in CO, at Beromiinster
CarboCount-CH project meeting, EMPA, Diibendorf, Switzerland, 13 May, 2016.

T.A. Berhanu, E. Satar, S. Szidat, D. Brunner, M. Steinbacher, R. Schanda, P. Nyfeler, M. Leuenberger
Quantification of fossil fuel associated CO, emissions based on radiocarbon measurements at the Beromdinster tall
tower, Switzerland

2" 1COS Science Conference, Helsinki, Finland, 27-29 September, 2016

L.R. Crilley, W.J. Bloss, J. Yin, D.C.S. Bedddows, R.M. Harrison, P. Zotter, A. Prevot, J.D. Allan, S. Szidat,

F. Lucarelli, G. Calzolai, S. Nava, G. Valli, V. Bernardoni, R. Vecchi

Are regional sources of airborne particles significant in London? Results from Clearflo winter and summer measurements
Faraday Discussion "Chemistry in the urban atmosphere”, London, UK, 6-8 April, 2016.

B.Z. Cvetkovié, E. Wieland, D. Kunz, G. Salazar, S. Szidat

Analytical strategy for the identification of carbon-14 containing organics released during anoxic corrosion of
activated steel in alkaline conditions

2016 Materials Research Society (MRS) Fall Meeting, Boston, USA, 27 November - 2 December, 2016.

A. Madella, R. Delunel, S. Szidat, F. Schlunegger
High Holocene coastal uplift gives insight into the seismic behavior at the Arica Bend (Peru-Chile subduction zone)
European Geosciences Union, General Assembly 2016, Vienna, Austria, 17-22 April, 2016.

M.C. Minguillon, N. Pérez, N. Marchand, A. Bertrand, B. Temime-Roussel, K. Agrios, S. Szidat, B. van Drooge,
A. Sylvestre, A. Alastuey, C. Reche, A. Ripoll, E. Marco, J.O. Grimalt, X. Querol

Secondary organic aerosol origin in an urban environment. Influence of biogenic and fuel combustion precursors
Faraday Discussion "Chemistry in the urban atmosphere"”, London, UK, 6-8 April, 2016.

A.S.H. Prévét, P. Zotter, H. Herich, M. Gysel, I. EI-Haddad, Y.L. Zhang, G. Mo¢nik, C. Hiiglin, U. Baltensperger,
S. Szidat

Evaluation of the absorption Angstrém exponents for traffic and wood burning in the Aethalometer based

source apportionment using radiocarbon measurements of ambient aerosol

22" European Aerosol Conference, Tours, France, 4-9 September, 2016.

A.S.H. Prévét, P. Zotter, H. Herich, M. Gysel, I. EI-Haddad, Y.L. Zhang, G. Mo¢nik, C. Hiiglin, U. Baltensperger,
S. Szidat

Evaluation of the absorption Angstrém exponents for traffic and wood burning in the Aethalometer based source
apportionment using radiocarbon measurements of ambient aerosol

AAAR 35™ Annual Conference, Portland, USA, 17-21 October, 2016.

C.J. Sapart, N. Shakhova, I. Semiletov, J. Jansen, S. Szidat, D. Kosmach, O. Dudarev, C. van der Veen, V. Sergienko,
A. Salyuk, V. Tumskay, J.-L. Tison, M. Egger, T. R6ckmann

The origin of methane in the East Siberian Arctic Shelf unraveled with triple isotope analysis

2" ICOS Science Conference, Helsinki, Finland, 27-29 September, 2016

T. Sprafke, R. Zech, P. Schulte, S. Meyer-Heintze, S. Knoll, J. Zech, G. Salazar, S. Szidat, T. Einwdgerer, F. Lehmkuhl,
B. Terhorst

High-resolution, multi-proxy analyses of the MIS3/2 loess-paleosol sequence Krems-Wachtberg, Austria

European Geosciences Union, General Assembly 2016, Vienna, Austria, 17-22 April, 2016.
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C. Steiner, M. Vonwiller, G.A. Salazar, S. Szidat
Identification and **C analysis of black carbon and elemental carbon in sediments
22" European Aerosol Conference, Tours, France, 4-9 September, 2016.

S. Szidat
Source apportionment of carbonaceous aerosols using radiocarbon
Institute seminar, MTA Atomki, Debrecen, Hungary, 9 February, 2016.

S. Szidat, K. Agrios, G.A. Salazar
Online coupling of thermal-optical and **C AMS analysis in atmospheric aerosols source apportionment
German Physical Society (DPG), Spring Meeting, Hannover, Germany, 29 February - 4 March, 2016.

S. Szidat

Resultate der **C-Vergleichmessungen an der Universitat Bern (LARA-KUP)

Federal Office of Public Health (BAG), Meeting at the Section of Environmental Radioactivity, Bern, Switzerland,
3 June, 2016.

S. Szidat, G. Salazar, K. Agrios, C. Espic, C. Uglietti, B.Z. Cvetcovi¢, E. Wieland
Advanced approaches of compound-specific radiocarbon analysis (CSRA) of environmental and radiolabeled materials
9™ International Conference on Nuclear and Radiochemistry, Helsinki, Finland, 29 August - 2 September, 2016.

S. Szidat, K. Agrios, G.A. Salazar
Insights into fossil vs. non-fossil SOA from online TOT-*C analysis
22" European Aerosol Conference, Tours, France, 4-9 September, 2016.

C. Uglietti, A. Zapf, T. Jenk, S. Szidat, G. Salazar, D.R. Hardy, M. Schwikowski
The debate on the basal age of Kilimanjaro’s plateau glaciers
2" IPICS (International Partnership in Ice Core sciences) Conference, Hobart, Australia, 7-11 March, 2016.

A. Vlachou, K.R. Daellenbach, C. Bozzetti, F. Canonaco, G.A. Salazar, K. Agrios, S. Szidat, U. Baltensperger,
I. El Haddad, A.S.H. Prévot

Coupled AMS and radiocarbon analysis of organic aerosols for a yearly cycle in Magadino

AAAR 35" Annual Conference, Portland, USA, 17-21 October, 2016.

K. Zenker, M. Vonwiller, S. Szidat, G. Calzolai, M. Giannoni, V. Bernardoni, A.D. Jedynska, J.S. Henzing,

H.A.J. Meijer, U. Dusek

Evaluation of self-developed separation methods for OC-EC analysis in aerosol particles against a standard method
in dependence of sampling frequency and with regard to **C analysis

22" European Aerosol Conference, Tours, France, 4-9 September, 2016.
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PUBLIC RELATIONS AND OUTREACH ACTIVITIES

Environmental Radionuclides Universitat Bern

Open Day Department of Chemistry and Biochemistry, Uni Bern

Wie datiert man ein Mammut?
http://www.dcb.unibe.ch/ueber_uns/aktuelles/veranstaltungen/tag_der_offenen_tuer/index_ger.html
5 November 2016.
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LECTURES AND COURSES

Prof. Dr. A. Turler

Universitat Bern, FS2016

Bachelor

o Instrumentalanalytik 11 (with Dr. K. Krdmer and Prof. M. Schwikowski) (3 ECTS)

o Allgemeine Chemie (Einfihrung Radioaktivitat) (with Prof. R. Hahner and Prof. J. Hulliger) (4 ECTS)

Master
o Introduction to Radiopharmaceutical Chemistry (with Dr. M. Behe) ( 1.5 ECTS)

Universitat Bern, HS2016

Bachelor

o Physikalische Chemie IV (with PD P. Broekmann) (3,75 ECTS)
e Praktikum Phys. Chemie Il (with others) (4 ECTS)

e Biochemische Methoden | (with others) (3 ECTS)

Master

¢ Nuclear and Radiochemistry (with Dr. R. Eichler) (3 ECTS)

e Seminar Radio- und Umweltchemie in collaboration with Paul Scherrer Institut
(organized by Dr. N. van der Meulen FS2016 / HS2016)

Dr. R. Eichler

Universitat Bern, HS2016

Master

¢ Nuclear and Radiochemistry (with Prof. A. Turler) (3 ECTS)

Universitat Bern, HS2016
Bachelor
e Praktikum Phys. Chemie Il (with Prof. A. Tlrler) (4 ECTS)

PD Dr. S. Szidat

Universitat Bern, FS2016

Bachelor

e Ergénzungen zur analytischen Chemie fur Pharmaziestudierende (2 ECTS)

Universitat Bern, HS2016

Bachelor

e Chemie fur Studierende der Veterindrmedizin (with P. Kupfer) (4.5 ECTS)
e Praktikum Physikalische Chemie Il (with others) (4 ECTS)

Y. Wittwer
e Practice Course Physical Chemistry Il “y-Spectroscopy”, DCB University of Bern 2016

J. Ulrich
e Practice Course Physical Chemistry Il “Liquid Scintillation”, DCB University of Bern 2016
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MEMBERS OF SCIENTIFIC COMMITTEES
EXTERNAL ACTIVITIES

Dr. Robert Eichler

Associate Editor of the International Journal of Modern Physics E (IJMPE) World Scientific Publishing

Dr. Dorothea Schumann

PSI internal Neutron Source Development Group, member
LIEBE, steering committee member

PD Dr. Sonke Szidat

Bernese Chemical Society (Berner Chemische Gesellschaft, BCG), president

Naturforschende Gesellschaft in Bern (NGB), board member

Oeschger Centre for Climate Change Research (OCCR), member

Swiss Accreditation Service (SAS), technical expert

Department of Chemistry and Biochemistry of the University of Bern, head of the non-professorial
lecturers (Oberer Mittelbau)

Prof. Dr. Andreas Turler

Eidgendssische Kommission fiir Strahlenschutz und Uberwachung der Radioaktivitit (KSR), Vizeprasident
Gesellschaft Deutscher Chemiker (GDCh), Fachgruppe Nuklearchemie, Vorstands-Beirat

Radiochimica Acta, member of the advisory board

Oeschger Centre for Climate Change Research (OCCR), Mitglied des Wissenschaftlichen Ausschusses
Nuklearforum Schweiz, Mitglied des VVorstandes

Member of the Albert Einstein Center for Fundamental Physics (AEC) Bern

Dr. Nicholas van der Meulen

United States Department of Energy (DOE Isotope R&D FOA), Panel Reviewer
Accelerator for Research in Radiochemistry and Oncology at Nantes Atlanti (ARRONAX)
International Scientific Committee, member

PSI internal research commission (FoKo), member

Dr. Christiaan Vermeulen

International Workshop on Targetry and Target Chemistry (WTTC) Scientific Committee, member
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MASTER THESIS

Christian Steiner
Identification and **C analysis of black carbon in sediments

PD Dr. S. Szidat / Uni Bern
January 2016

Prisca Lehmann
Separation of radioisotopes ?'Pa und ?°Th from natural sample material

PD Dr. S. Szidat / Uni Bern
Dr. J. Lippold / Uni Bern
February 2016

Jan Strahl

Development of a new wet extraction technique for the determination of CH,4, N,O and CO, mixing ratios in
ice core samples

PD Dr. S. Szidat / Uni Bern
Prof. Dr. H. Fischer / Uni Bern
Prof. Dr. Th. Stocker / Uni Bern

July 2016



64

DOCTORAL THESIS

Patrick Steinegger
Towards Vacuum Adsorption Chromatography of Superheavy Elements

Dr. Robert Eichler / PSI
Prof. Dr. A. Turler / PSI & Uni Bern
February 2016

Nadine Chiera

Toward the Selenides of the Superheavy Elements Copernicium and Flerovium Towards the Selenides

Dr. Robert Eichler / PSI
Prof. Dr. A. Turler / PSI & Uni Bern
October 2016
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AWARDS

Nadine Chiera
Superheavy Elements copernicium and flerovium selenides: First Cn-Se bond observation

Best presentation award
NES PhD Day, Villigen, Switzerland
May 2016

Katharina Domnanich
S production development by cyclotron irradiation of “*Ca and “Ti

Best PhD student presentation
NRC9, Helsinki, Finland,
August 2016
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SUMMER STUDENTS

Janosch Gartmeier
Optimization of beryllium molecular plating procedure
9 June - 29 August 2016

Severin Martz
Selenium vapor deposition onto fused silica columns and pin diodes
11 July - 19 August 2016

Denis Vollmer
Basics in radionuclide development
11 July - 12 August 2016

SEMESTERWORK
Nuclear Engineering Master

Aaron Colldeweih
Thermochromatography of Cesium in moist carrier gases
10 October 2016 — 9 January 2017

VISITING GUESTS AT PSI 2016

3-9 April/9- 11 August /5 - 9 September 2016
Bjorn Dittmann, Uni Kéln, Germany
**Mn standard

16 August 2016

Paul Papka, Stellenbosch University, Themba LABS, South Africa

Target applications developed within the Nuclear Physics group of Stellenbosch in collaboration
with iThemba LABS

16 August 2016
Yuri Amelin, Australian National University Canberra,
Geochronology, SPIDEZ2R style: mass spectrometers, half-lives, zircons and meteorites

7 - November 2016
Enrico Chiaveri, Genf, CERN, Switzerland
n_TOF at CERN: a bright future for neutrons

28 November 2016
Hongyan Zhang and Shaoming Pan, School of Geography and Ocean Science, Nanjing University, China
Radiocarbon analysis with MICADAS


http://www.psi.ch/nes/events
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Basaco, T., 35, 37, 39
Battaglia, M., 43, 44
Behe, M., 33

BeneSova, M., 33, 34
Blanc, A., 33
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Bunka, M., 39

Chepigin, V.1., 3
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Dressler, R., 3, 8, 17, 18, 20 27
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European Organization for Nuclear Research, CERN CH-1211, Geneve 23, Switzerland
Center for Radiopharmaceutical Sciences, Paul Scherrer Institut, 5232 Villigen,
Switzerland

Departement fiir Chemie und Biochemie, Universitat Bern, Freiestrasse 3, 3012 Bern,
Switzerland

Eidgen. Technische Hochschule Zirich, 8092 Zirich, Switzerland

European Union

Flerov Laboratory of Nuclear Reactions, Joliot-Curie, 6, Dubna, Moscow region 141980,
Russia

Institut Laue-Langevin, 71 avenue des Martyrs 38000 Grenoble, France

INFN - Laboratori Nazionali del Sud, Via S. Sofia 62, 95123 Catania, Italy

Istituto Nazionale di Fisica Nucleare Sezione di Genova, Via Dodecaneso, 33, 16146 Genova,
Italy

Istituto Nazionale di Fisica Nucleare Sezione di Bari, Via Orabona, 4, 70125 Bari, Italy
Department of Physical Anthropology, Institute of Forensic Medicine, University of Bern,
Buhlstrasse 20, 3012 Bern, Switzerland.

Institut fir Radiodkologie und Strahlenschutz, Leibniz Universitat Hannover,
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Japan Atomic Energy Agency, Tokai, Ibaraki 319-1195, Japan

International Intergovernmental Organization, Joint Institute for Nuclear Research
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Laboratory for Biomolecular Research, Paul Scherrer Institut,5232 Villigen, Switzerland
Forschung mit Neutronen und Myonen, Paul Scherrer Institut,5232 Villigen, Switzerland
Paul Scherrer Institut, 5232 Villigen, Switzerland

Belgian Nuclear Research Centre, Boeretang 200, 2400 Mol, Belgium

Departement fir Chemie und Biochemie, Universitat Bern, Freiestr. 3, 3012 Bern,
Switzerland

Universitat zu Koln, Albertus-Magnus-Plat, 50923 Kéln, Germany

Universita degli studi di Genova, Via Balbi, 5, 16126 Genova, Italien
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